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YIELD, AGRONOMIC CHARACTERISTICS, AND END-USE QUALITY OF 
WINTER WHEAT 
Madhav Bhatta, M.S. 
University of Nebraska, 2015 
Adviser: Teshome H. Regassa 
Grain yield and end-use quality are the most important characteristics for hard red winter 
wheat (Triticum aestivium L.). Improvement of grain quality characteristics of grain from 
a given growing season and location requires systematic understanding of the genotype 
chosen, the production environment, and also knowing the consequence of rate and time 
of individual production packages such as seed treatment, seed rate, nitrogen (N) 
fertilization, and foliar fungicide applications. The objectives of this study were to:  
identify the effects of seed rate, genotype, and N top-dressed on yield, agronomic 
characteristics, and end-use quality of winter wheat; and to determine the effects of seed 
treatment and flag leaf foliar fungicide application on yield and agronomic characteristics 
of wheat cultivars. Two experiments were conducted at Havelock, near Lincoln, NE and 
the High Plains Agricultural Lab (HPAL), near Sidney, NE in 2014 and 2015 using 
randomized complete block design with split factorial arrangement. Overall foliar N 
increased grain yield, grain protein concentration, other baking quality indicators such as 
flour water absorption, peak height, tail area, weakening slope, and depressed grain 
volume weight, mixing time, and tolerance. Similarly, increased seed rate improved grain 
yield, seed weight, grain volume weight, flour yield, mixing time, and mixing tolerance. 
Increased seed rate reduced grain protein, flour water absorption, tail area, peak height, 
                                                                                                                            
   
and weakening slope. Seed treated with EverGol Energy and Gaucho showed improved 
seedling emergence, leaf greenness, grain yield, and seed weight. Application of foliar 
fungicide at flag leaf stage improved grain yield, seed weight, and leaf area. Among the 
six genotypes evaluated, ‘Settler CL’ and ‘Freeman’ had the highest overall grain yield. 
The study demonstrated the importance of seeding rate and the existence of a wider than 
expected tolerance range for seeding rate. The study also demonstrated the importance of 
in-season nitrogen top dress and foliar fungicide application to increased winter wheat 
grain yield and grain quality in Nebraska. However, further research is recommended to 
fine-tune the factors and interdependence of response in relation to a specific location, 
season or the prevailing weather condition, and the specific attribute of the genotype 
seeded. 
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CHAPTER 1 
Seeding Rate, Genotype, and Top-Dressed Nitrogen Effects on the Yield and 
Agronomic Characteristics of Winter Wheat. 
Abstract 
Winter wheat (Triticum aestivum L.) produced in Nebraska (NE) is often inconsistent in 
yield largely due to variability in environmental conditions. Managing production 
practices may ameliorate this problem of winter wheat in NE. The objective of this study 
was to identify the combined effects of seeding rate (3), genotype (6), and top-dressed 
nitrogen (2) on the yield and agronomic characteristics of winter wheat. Experiments 
were conducted under rainfed conditions (Havelock, Lincoln, NE and High Plains 
Agricultural Lab (HPAL), Sidney, NE) in 2014 and 2015. Randomized complete block 
design with split factorial arrangement in four replicates was applied. Nitrogen (0 and 34 
kg N ha-1 at flag leaf stage) was applied at the whole plots and factorial combinations of 
six genotypes and three seeding rates (0.5, 1, and 2 times the normal seeding rate for each 
site) at the split plots. Seeds were sown at two locations, where the normal seeding rates 
were 186 seeds m-2 (HPAL) and 252 seeds m-2 (Havelock), respectively. Nitrogen 
fertilization significantly increased yield only in 2014.  Higher seeding rates compared to 
half seeding rate resulted in increased grain yield by 12.5% and 31.1% in 2014 and 2015, 
respectively, at Havelock, whereas the increase was 25.9% and 13.5% in 2014 and 2015, 
respectively at HPAL. Among the six genotypes, ‘Settler CL’ and ‘Freeman’ were found 
to be high yielding genotypes at both sites. This result suggested that higher seeding rates 
resulted in increased grain yield for all genotypes in this study. 
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Introduction 
Hard red winter wheat (Triticum aestivum L.) accounts for 40% of the total wheat 
produced and exported from the United States (Vocke and Liefert, 2013). Total annual 
production of hard red winter wheat produced in Nebraska ranges from 55 to 65 million 
bushels i.e. 1.5 to 1.8 million Mg (Nebraska Department of Agriculture, 2013). Grain 
yield in Nebraska varies widely from year to year and production practices play 
important role in determining the yield. Management of production practices such as 
seeding rate, nitrogen, and cultivars improves grain yield and quality, economic benefit, 
and minimize input costs. 
Seeding rate of winter wheat and other small grains have long been examined 
since it is easily manageable by growers (Lloveras et al., 2004; Chen et al., 2008). 
Optimum seeding rate is necessary to maximize yield through best utilization of nitrogen 
and moisture (Blankenau and Olfs, 2001; Gooding et al., 2002; Dai et al., 2013). The 
optimum seeding rates for winter wheat ranged from 17 to 22 kg ha-1 in western 
Nebraska and 67 kg ha-1 in eastern Nebraska (Stoltenberg,1968). An increase in seeding 
rate from 34 to 101 kg ha-1 resulted in an average yield increase of 390, 480 and 210 kg 
ha-1 during three consecutive years in southeastern Nebraska (Blue et al.,1990). Geleta et 
al. (2002) and Xue et al. (2011) reported that the optimum seeding rate of 65 kg ha-1 
produced maximum grain yield in eastern Nebraska. Seeding rates that are too high or too 
low reduce the chances of obtaining full yield potential of specific cultivar. For instance, 
Fang et al. (2010) found decreased grain yield  with increasing seeding rate from 225 
seeds m-2 by 8% and 15% in 280 seeds m-2 and 340 seeds m-2, respectively.  
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Nitrogen is an essential nutrient for proper growth and productivity of winter 
wheat (Frink et al., 1999; Fageria and Baligar, 2005). However, nitrogen fertilizer 
recovery of winter wheat is very low ranging from 30-50% (Raun and Johnson, 1999; 
Raun et al., 2002). The implication is that much of the nitrogen applied is not taken up by 
the wheat crop resulting in losses from soil denitrification, surface runoff, volatilization, 
and leaching (Frink et al., 1999; Mullen et al., 2003; Fageria and Baligar, 2005). Such 
loss of applied nitrogen contribute to unnecessary cost to farmers as well as create 
negative environmental impacts as a source of surface and ground water pollution. 
Therefore, appropriate nitrogen management (i.e., rate and timing of nitrogen) is essential 
for efficient utilization of nitrogen fertilizer and improving grain yield in wheat 
production. Nitrogen should be applied when crop response is expected to be high to 
minimize nitrogen losses. López-Bellido et al. (2006) found the mean wheat recovery of 
nitrogen fertilizer to be 41.6% when applied as topdressing at the beginning of stem 
elongation. An increase in the top dressed nitrogen rate from 100 kg ha-1 to 300 kg ha-1 
had increased the grain yield by 856 kg ha-1 (Lloveras et al., 2001). Velasco et al. (2012) 
found that the nitrogen application at flag leaf stage increased crop growth during the 
critical period of yield determination, which may have resulted in increased grain yield.  
Wheat production and yield increase are largely associated with the use of 
improved cultivar and appropriate management practices such as optimum seeding rate 
and nitrogen fertilization. Therefore, the objective of this study was to determine the 
effects of seeding rate, genotype, and top-dressed nitrogen at flag leaf stage on yield and 
agronomic characteristics six of winter wheat varieties grown under rainfed conditions at 
contrasting agro-climatic regions in Nebraska. 
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Materials and Methods 
Site Description 
Field experiments were conducted during 2014 and 2015 growing seasons at High 
Plains Agricultural Laboratory (HPAL) in Sidney, Nebraska ( coordinates: 
41°13'47"N   103°0'4"W, elevation: 1314 m) and Agronomy Research Farm at Havelock, 
Lincoln, Nebraska (coordinates: 40°51'15.077" N   96°36'46.828" W , elevation: 360 m ) 
under rain-fed condition.  The HPAL site was a representative of west central and 
western Nebraska and characterized by high elevation, low precipitation, low humidity, 
high evapotranspiration, and low fertility sandy soils. Havelock site was a representative 
of east and southeast Nebraska and characterized by high precipitation, high humidity, 
and low evapotranspiration. These sites were selected because of contrasting weather 
pattern (Table 1). The soil type at HPAL, Sidney was Keith loam (Fine-silty, mixed, 
mesic Aridic Argiustolls) and Sharpsburg silty clay loam (Fine montmorillonitic, mesic 
typic Arguidoll) at Havelock, Lincoln (USDA-NRCS, 2015). 
 
Treatments and Experimental Design 
Experimental design was a randomized complete block design with split factorial 
arrangement replicated four times. Two nitrogen application treatments (0 and 33.63 kg 
N ha-1 at flag leaf stage, Feekes 9) were assigned to main plots, and factorial 
combinations of six genotypes and three seeding rates [0.5, 1, and 2 times the normal 
seeding rate for eastern (Havelock) and western (HPAL) Nebraska] were assigned to split 
plots. Normal seeding rates for eastern Nebraska (Havelock) and western Nebraska 
(HPAL) are 252 seeds m-2 and 186 seeds m-2, respectively, corresponding to 67 kg ha-1 
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and 50 kg ha-1. Seeding rate was used in seed m-2 because the 1000-seed weight greatly 
varies with cultivars. The six cultivars of hard red winter wheat were Freeman (Reg. no. 
CV-1098, PI 667038, Baenziger et al., 2014), Millennium (Reg. no. CV-908, PI 613099, 
Baenziger et al., 2001), Overland (Reg. no. CV-1020, PI 647959, Baenziger et al., 2008), 
Pronghorn (Reg. no. CV-848, PI 593047, Baenziger et al., 1997), Robidoux (Reg. no. 
CV-1064, PI 659690, Baenziger et al., 2010), and Settler CL (Reg. no. CV-1051, PI 
653833, Baenziger et al. 2011). Selection of these cultivars were mainly based on 
difference in adaptation, plant height, yield, end-use quality, and disease resistance 
/susceptibility. Each split plot was 1.8 m x 7.6 m and 1.5 m x 6.1 m for HPAL and 
Havelock, respectively. The 2014 trials were planted on 20th September at HPAL and 2nd 
October at Havelock in 2013 whereas the 2015 trials were planted on 15th September at 
HPAL and 17th October at Havelock in 2014.  
 
Data Collection 
Emergence rate was evaluated by counting number of plants in a randomly 
selected 50 cm long row. It was taken only at Havelock, NE. Plant height (cm) was 
measured from soil surface to top of the spike (awns excluded) at physiological maturity. 
Days to heading was the number of days after April 30 when 50% of the plants had 
completely emerged head from the flag leaf. Grain yield was measured by harvesting full 
plot using specialized plot combine harvester (SPC-40, ALMACO, IA). The trial was 
harvested at Havelock on 9 and 13 July in 2014 and 2015, respectively, and on 24 July of 
both years at HPAL. 1000-seed weight (g) was measured for each genotype by weighing 
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1000 grain samples per plot. Larea index (LAI) was measured using plant canopy 
analyzer (Model LAI-2000 in 2014 and LAI-2200c in 2015, LI-COR, Lincoln, NE). LAI 
was measured mainly at two different growth stages (i.e., boot stage or Feekes 10 and 
hard dough stage or Feekes 11.3) by taking two above canopy reading followed by 6-8 
below canopy readings per plot following a zigzag pattern with in the rows. A non-
destructive method was used to measure leaf chlorophyll content i.e., leaf greenness 
using a SPAD-502 (Minolta, Plainfield, IL) (Bullock and Anderson, 1998). Relative leaf 
greenness was measured at two growth stages (i.e. flag leaf or Feekes 9 and hard dough 
stage or Feekes 11.3). Ten readings were taken near the midpoint near the midrib of ten 
randomly selected leaves from each plot and averaged (Peng et al., 1992). A biomass 
sample was taken at physiological maturity during both seasons by cutting randomly 
selected second or fifth row of 50 cm long at ground level. Then samples were oven dried 
at 70 °C and weighed using electronic balance and converted into biomass yield as Mg 
ha-1. Harvest index was calculated as grain yield (Mg ha-1) over biomass yield (Mg ha-1). 
 
Data analysis 
Data was analyzed using PROC MIXED in SAS 9.4 (SAS Institute, 2013) to 
detect significant differences among interaction and main effects. Combined analysis of 
variance were calculated by using Method=type3 statement in PROC MIXED 
considering four environments (2 sites by 2 years). Havelock-2014 and HPAL-2014 were 
environments HV14 and HPAL15, respectively, whereas Havelock-2015 and HPAL-
2015 were environments HV15 and HPAL15, respectively. Seeding rate, nitrogen, 
genotype, environment, and their interactions were considered as fixed effects whereas 
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replications with in environment were considered random effect. Individual analysis of 
variance was also done in each environment to test seeding rate, genotype, and nitrogen 
effects and their interactions. LSMEAN statement was used for calculating treatment 
means and mean separation was done using Fisher’s protected LSD test at 5% level of 
significance using the simulation option available in the LINES statement of PROC 
GLIMMIX.  
 
Results and Discussion 
Weather conditions 
The difference in weather conditions at both locations and years were observed 
(Table 1). Average monthly temperature for each location was similar for the two 
growing seasons. However, considerable variation was observed in the daily range of 
weather variables. Growing conditions for winter wheat in 2014 growing season was 
favorable, with an average rainfall and low disease severity that resulted in a higher grain 
yield at Havelock and HPAL (Table 1). However, 2015 growing season was not 
favorable, mainly due to high rainfall from to April to June (Table 1) and high disease 
severity, resulting in an exceptionally low grain yield.  
Grain yield 
Analysis of variance on the effect of environment (site-year), seeding rate, 
nitrogen, and genotype on grain yield and agronomic characteristics was shown in Table 
2. Significant effect of environment on yield was observed. Average grain yields in 2014 
from Havelock and HPAL were 5.38 Mg ha-1 and 5.01 Mg ha-1, respectively. Average 
grain yield in 2015 was 2.46 Mg ha-1 and 2.07 Mg ha-1 at Havelock and HPAL, 
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respectively. Low grain yield in 2015 was obtained mainly because of the high disease 
severity of stripe rust and hard winter at HPAL whereas stripe rust and fusarium head 
blight at Havelock in the plots. 
Nitrogen treatment showed significant difference in grain yield at both locations 
only in 2014 (Table 3). Mean grain yield was significantly increased by 9.7% and 9.4% 
with the application of nitrogen compared to untreated control in 2014 at Havelock and 
HPAL, respectively. No significant effect of nitrogen treatment on grain yield was seen 
in 2015 at both sites. This might be due to higher amount of rainfall especially during 
active growing period (April-July) in 2015 (Table 1). The significant nitrogen x 
environment interaction for grain yield (Table 1) was mainly due to decreased grain yield 
in 2015 at both sites compared to 2014 (i.e., change in magnitude between treatments 
rather than change in rank) (Table 3). In three environments except HV15, nitrogen 
fertilization resulted in higher grain yield when compared to the untreated control (Table 
3). HV14 with nitrogen application had the highest grain yield (5.61 Mg ha-1) whereas no 
nitrogen treatment at HPAL15 had the lowest grain yield (2.05 Mg ha-1).  
Seeding rate had shown significant effect on grain yield (Table 1). In all 
environments, grain yield increased with increasing seeding rate (Fig. 2). At Havelock, 
increase in seeding rate from half to twice of normal seeding rate (126 seed m-2 to 503 
seed m-2) resulted in increased grain yield by 12.5% and 31.13% in 2014 and 2015, 
respectively (Table 3). Similarly, at HPAL, increase in seeding rate from  half to twice of 
normal seeding rate  (93 seeds m-2 to 371 seeds m-2 ) resulted in increased grain yield by 
25.9% and 13.47% in 2014 and 2015, respectively (Table 3). Grain yield significantly 
increased with increasing seeding rate from half to twice the normal seeding rate in three 
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environment except for HPAL15, where grain yield significantly increased with increase 
in seeding rate up to normal seeding rate (186 seeds m-2), but with no significant increase 
up to twice seeding rate (371 seeds m-2). This result was similar to the results of Geleta et 
al. (2002) and Xue et al. (2011), who found no significant effect of seeding rate on grain 
yield from 65 kg ha-1 (245 seeds m-2 ) to 130 kg ha-1 (489 seeds m-2). The significant 
seeding rate x environment interaction for grain yield (Table 1) was observed mainly due 
to change in grain yield in 2015 at both locations rather than change in rank (Table 3). 
Twice seeding rate at HV14 produced the highest grain yield (5.67 Mg ha-1) whereas half 
seeding rate at HPAL15 produced the lowest grain yield (1.93 Mg ha-1).  
Significant difference between varieties for grain yield was observed except for 
HPAL-2015 (Fig. 3). Similar results were obtained in previous research (Geleta et al., 
2002; Otteson et al., 2007; Xue et al., 2011), who found significant effect of genotype on 
grain yield. The environment x genotype interaction was observed on grain yield mainly 
due to different adaptation of genotypes to the different environments. Similar result was 
reported in early studies by Lloveras et al. (2004). Settler CL and Freeman produced 
highest yield at HV14 and HV15, respectively, whereas Freeman and Settler CL 
produced highest yield at HPAL14 and HPAL15, respectively. All genotypes produced 
lower yield in 2015 because of high disease pressure at both locations (Table 3). 
No significant interaction effect of nitrogen x genotype and seeding rate x 
genotype were found, implying that under the current study genotype performed similarly 
irrespective of the change in nitrogen and seeding rate for grain yield (Table 1). This 
result was supported by Geleta et al.(2002) and Xue et al. (2011), who observed no 
significant interaction effect between seeding rate and genotype. However, Lloveras et al. 
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(2004) found significant interaction effect between seeding rate and genotype for grain 
yield.  
 
Agronomic characteristics 
Emergence rate 
Emergence rate was mainly affected by seeding rate and genotype (Table 8). 
Emergence rate was taken only in two environments (HV14 and HV15). As expected, an 
increase in seeding rate from half (126 seeds m-2) to twice (503 seeds m-2) resulted in an 
increased plant count at emergence by 176 plants m-2 and 226 plants m-2 in 2014 and 
2015, respectively (Table 9). This is similar to the previous work by Otteson et al., 
(2007), who found increasing seeding rate increased plant emergence by 91 plants m-2 
between lowest and highest seeding rate. In addition, Iqbal et al. (2010) found an increase 
in emergence with increase in seeding rate from 125 to 250 kg ha-1 (471-941 seeds m-2).  
In 2014, Freeman had the highest emergence rate, whereas Pronghorn had the lowest 
emergence rate (Table 9). However, no significant difference in emergence was observed 
in 2015 (Table 9).  
 
Plant height  
A significant main effect of nitrogen was observed for plant height (Table 2) 
mainly due to the significant increase in plant height from nitrogen application at 
HPAL14 (Table 4). A trend of increased plant height was observed with nitrogen 
application. This could be due to availability of nitrogen to the plant after flag leaf stage 
compared to untreated control, which increases the plant potential to grow vigorously. 
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Plant height was increased with increase in seeding rate from half (126 seeds m-2) to 
normal seeding rate (252 seeds m-2), but this increase was not significantly different at 
twice seeding rate (503 seeds m-2) at Havelock in both years (Table 4). Similarly, at 
HPAL14, plant height increased up to normal seeding rate (186 seeds m-2), but with no 
further increase at twice seeding rate (371 seeds m-2) (Table 4). Increased in plant height 
at higher seeding rate was mainly due to interplant competition leading to taller stems as 
well as due to the production of less tillers. However, at HPAL15, plant height was not 
significantly different between half seeding rate (93 seeds m-2) and normal seeding rate 
(186 seeds m-2), but decreased significantly with an increase in seeding rate up to twice 
seeding rate (371 seeds m-2), with the highest plant height observed at 186 seeds m-2. This 
result contradicted the result of Geleta et al. (2002) except for HPAL15, who found a 
decrease in plant height with an increase in seeding rate from 65kg ha-1 to 130 kg ha-1 
(245-489 seeds m-2). Except for HPAL15, Iqbal et al. (2012) also found decreased height 
with an increase in seeding rate from 150 kg ha-1 to 175 kg ha-1 (565-659 seeds m-2). 
However, Stapper and Fischer, (1990) reported increased plant height due to increased 
seeding rates from 50 to 200 kg ha-1 (188-753 seeds m-2).  
Environment x seeding rate and environment x genotype interaction were 
significant for plant height (Table 2). However, this was mainly due to change in 
magnitude, although few changes in rank were observed (Table 4). The environment x 
genotype interaction accounted for more variation than environment x seeding rate 
interaction did on plant height (Table 2). Plant height for each variety varied with change 
in environment. This was expected due to the diverse genetic background included in the 
study. In all environments, Pronghorn was the tallest and Settler CL was the shortest.  
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Leaf greenness (SPAD value at hard dough stage) 
Leaf greenness at hard dough stage was mainly influenced by environment, 
nitrogen, and seeding rate (Table 2). SPAD value decreased with increase in plant growth 
stage from flag leaf to hard dough stage (Table 5). In general, nitrogen treatment 
increased SPAD value irrespective of the growth stage (Table 5). Increase in SPAD value 
due to nitrogen treatment might be due to the uptake of available nitrogen to the plants. 
Highest SPAD values were obtained at lowest seeding rate (Table 5). This could be 
attributed to the effect of interplant competition for space and nutrients and subsequent 
effect on canopy characteristics. In 2015, SPAD value at hard dough stage was very low 
due to increased disease pressure, especially stripe rust development after flag leaf stage. 
Among genotypes, Robidoux and Millennium showed highest SPAD value at hard dough 
stage in 2014 and 2015, respectively at Havelock, whereas Settler CL and Freeman 
showed highest SPAD values in 2014 and 2015 respectively, at HPAL (Table 5). 
Significant environment x nitrogen and environment x genotype interactions were 
mainly due to changes in magnitude (Table 5). The environment x nitrogen interactions 
accounted for large variation in SPAD value at hard dough stage than environment x 
genotype interaction did (Table 2). Plant leaf greenness of each variety changed with 
change in nitrogen treatment. Except HV15, application of nitrogen resulted in higher 
SPAD values compared to untreated control in three environments. HPAL14 showed 
highest SPAD value (45.14) with the application of nitrogen whereas Havelock-2015 
with nitrogen application resulted in lowest SPAD value. Significant increase on SPAD 
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value was observed due to nitrogen application in two of the four environments (HV14 
and HPAL15).  
 
Leaf Area Index (LAI)  
LAI at hard dough stage was mainly influenced by environment, seeding rate, 
nitrogen, and variety (Table 2). LAI decreased from booting to hard dough stage in all 
treatment probably due to initiation of senescence (Table 6). Nitrogen treatment 
significantly increased LAI at Havelock, but observed increase was not significant at 
HPAL (Table 6). Increase in LAI due to nitrogen treatment could be due to availability of 
nitrogen to the plants compared to untreated control. Higher seeding rate of 503 seed m-2 
showed higher LAI throughout the growing period (Table 6). Genotype significantly 
affected LAI at hard dough stage except for HPAL15 (Table 6). The difference in LAI for 
genotypes could be due to different canopy characteristics of the genotypes under study. 
During hard dough stage, Millennium had the largest leaf area at Havelock in both years 
whereas Freeman and Pronghorn produced more leaf area at HPAL-2014 and 2015, 
respectively (Table 6).  
Significant environment x seeding rate x nitrogen interactions were observed for 
LAI (Table 2). This result showed that application of nitrogen at flag leaf stage along 
with twice seeding rate in all environment produced larger leaf area. Largest leaf area 
(4.4) was obtained at HPAL-2014 with the combination of twice seeding rate and 
nitrogen application whereas smallest leaf area (1.7) was obtained at Havelock-2015 with 
the combination of half seeding rate and no nitrogen treatment.  
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Harvest Index 
Harvest index varied with environment (sites and years). Nitrogen did not show 
significant effect on harvest index (Table 2). Harvest index was largely affected by 
change in seeding rate (Table 2). At HPAL, harvest index was significantly increased 
with increased in seeding rate up to normal seeding rate (186 seed m-2) and no further 
increased above the normal seeding rate (Table 7). Similarly at Havelock, harvest index 
was increased up to normal seeding rate (252 seed m-2) and no further increased after 
normal seeding rate (Table 7). Low harvest index was obtained in 2015 because of low 
grain production. A significant effect of genotype on harvest index was observed (Table 
2). This might be due to difference in yield potential, biomass production, and tillering 
ability of genotypes under study.  
Significant nitrogen x seeding rate x genotype interactions accounts for the less 
variation than seeding rate main effect had on harvest index (Table 2). Harvest index of 
each variety varied with the combination of nitrogen treatment and seeding rate. For 
Freeman (0.40) and Settler CL (0.41), highest harvest index was observed with the 
combination of nitrogen application and twice seeding rate treatments. For Millennium 
(0.39), Overland (0.38), Pronghorn (0.36) and Robidoux (0.41), highest harvest index 
was observed with the combination of no nitrogen and twice seeding rate treatments. 
Significant environment x seeding rate interaction on harvest index was mainly 
due to change in magnitude among the environments (Table 7). In all environments, 
twice seeding rate resulted in higher harvest index. Twice seeding rate produced the 
highest harvest index (0.54) at HV14 whereas half seeding rate produced the lowest 
harvest index (0.14) at HPAL15.  
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Days to heading  
Days to heading was mainly influenced by seeding rate and genotype (Table 8), 
although large variation was occurred between sites and years. No significant effect of 
nitrogen on days to heading was observed (Table 2), implying that top-dressed nitrogen 
application at flag leaf stage showed no response on days to heading. This result 
contradicts with the result of Otteson et al. (2007), where days to heading was delayed 
with highest nitrogen application. Increase in seeding rate resulted in decreased days to 
heading (Table 9). This could be mainly due to production of fewer tillers in highly 
seeded plots resulting in early heading than more tillers produced in lower seeded plots.  
Millennium and Overland were found to have longest days to heading in both years and 
locations (Table 9).  
Significant interaction of nitrogen x genotype and seeding rate x genotype on days 
to heading were observed at Havelock-2014, however, large portion of variability was 
mainly due to seeding rate x genotype interaction (Table 2). Significant seeding rate x 
genotype interaction was observed due to change in magnitude since all genotypes took 
more days for heading at the half seeding rate. Overland with half seeding rate resulting 
in most days to heading whereas Settler CL had fewest days to heading at twice seeding 
rate.  
Significant interactions of nitrogen x seeding rate x genotype were observed on 
days to heading at HPAL14 (Table 8). These interactions were largely due to different 
response of genotypes with seeding rates and nitrogen treatments on heading date. 
Freeman (28 d) and Robidoux (28.5 d) had fewest days to heading when treated with 
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combination of twice seeding rate and no nitrogen application. Millennium (28.5 d) and 
Settler CL (28.5 d) had fewest days to heading when treated with combination of twice 
seeding rate and nitrogen application. Pronghorn (28.75 d) had fewest days to heading 
with combination of normal seeding rate and no nitrogen application. Overland (29 d) 
had fewest days to heading when treated with combination of twice seeding rate and 
nitrogen application. 
 
Grain protein concentration 
Grain protein concentration was mainly influenced by nitrogen, seeding rate, and 
genotype (Table 1). Average grain protein concentration for Havelock in 2014 and 2015 
were 12.9 % and 13.6 % respectively, while grain protein concentration in both years at 
HPAL was 13.2 %. Further details on grain protein concentration are provided on chapter 
2. 
 
1000-seed weight 
The large variation on 1000-seed weight was due the effect of genotype and 
seeding rate (Table 1). 1000-seed weight varies greatly with environments (Table 3). In 
2015, average 1000-seed weight decreased by 26.8% and 33.4% at Havelock and HPAL, 
respectively compared to 2014, mainly due to higher influence of diseases.  
Nitrogen application did not significantly affect 1000-seed weight. This result was 
in contrast with the results of Otteson et al. (2007), who found decreased 1000-seed 
weight with increased application of nitrogen.  
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1000-seed weight significantly increased with increased seeding rate except at 
HPAL14. Although non-significant increase in 1000-seed weight was observed at 
HPAL14, the highest 1000-seed weight obtained at highest seeding rate of 371 seeds m-2. 
This result contradict with the result of Geleta et al. (2002) and Xue et al. (2011) and 
could be due to using different cultivars, who found decrease in 1000-seed weight with 
increase in seeding rate from 65 kg ha-1 to 130 kg ha-1 (245-489 seeds m-2).  
Significant environment x nitrogen x seeding rate interactions were found for 
1000-seed weight (Table 1). Twice the normal seeding rate with no nitrogen application 
resulted in the highest 1000-seed weight (37.3 g) for HPAL14 whereas top-dressed 
nitrogen application along with half of the normal seeding rate resulted in lowest 1000-
seed weight (26.4 g) at HV15.  
Significant environment x nitrogen interaction was observed for 1000-seed weight 
mainly due to variability in response of nitrogen on 1000-seed weight in different years at 
both locations. In two environments such as HV14 and HPAL14, 1000-seed weight was 
higher when no nitrogen was applied whereas 1000-seed weight was higher with top-
dressed nitrogen in environments such as HV15 and HPAL15. This result suggested that 
the effect nitrogen treatment on 1000-seed weight vary from year to year.  
Significant environment x seeding rate interaction showed that the use of twice 
seeding rate had higher 1000-seed weight in all environments. The significant 
environment x genotype interaction was mainly due to change in rank (Table 3). This 
could be due to different response of genotypes to different growing conditions. Settler 
CL had highest 1000-seed weight in environments HV14, HPAL14, and HPAL15 
whereas Freeman had highest 1000-seed weight in HV15 (Havelock-2015).  
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Summary 
Nitrogen and seeding rate affected grain yield and agronomic characteristics of 
genotypes included in the study and genotypic response varied predominantly with the 
environments (sites and years). Nitrogen treatment in this study significantly increased 
grain yield when the environmental condition was favorable for grain production, as 
observed in 2014 compared to 2015. Grain protein concentration increased by nitrogen 
application, but largely depended on locations and years. Most of the traits such 1000-
seed weight, days to heading, and harvest index were not significantly improved by top-
dressing of nitrogen compared to untreated control. This result suggested that further 
research is needed in broad range of nitrogen rate at flag leaf stage to recommend 
nitrogen management practice for high yield and economic benefit. 
Large genotypic variation was observed for grain yield, grain protein, and 
agronomic traits, such as plant height, leaf greenness, LAI, days to heading, harvest 
index, and 1000-seed weight studied. For instance, Settler CL and Freeman produced the 
highest yield in 2014 and 2015, respectively, at Havelock site whereas Freeman and 
Settler CL produced highest yield in 2014 and 2015, respectively, at HPAL site. All 
genotypes produced lower yield in 2015 because of high disease pressure. Although grain 
yield was largely depended on environmental conditions, management of agronomic 
practices played a significant role in minimizing the yield loss. This result suggested that 
recommendation of genotype should be made location specific based on the 
environmental conditions expected for the season. 
Seeding rate played an important role in improving yield and most of the 
agronomic traits. Increasing seeding rate resulted in higher grain yield. Despite increased 
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seed cost, the research also suggested that farmers could increase seeding rates more than 
the current recommendation for Nebraska to increase yield for the locations tested. 
However, in drier area like HPAL farmers could use the current recommended seeding 
rate if the weather conditions is drier. Using twice the recommended seeding rate will 
improve most of the traits under study such as increased 1000-seed weight, decreased 
days to heading, increased harvest index, increased leaf area, and increased plant height; 
however it will decrease grain protein and leaf greenness. 
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Table 1. Monthly mean air temperature (Tair) and total monthly precipitation (Precip) in two growing seasons (2014 and 2015) and 30 
year average at Havelock ,Lincoln and HPAL, Sidney, Nebraska † 
 
Month 
Havelock, Lincoln HPAL, Sidney 
2014 2015 Average 2014 2015 Average 2014 2015 Average 2014 2015 Average 
Tair Tair Tair Precip Precip Precip Tair Tair Tair Precip Precip Precip 
(oC) (mm) (oC) (mm) 
April 11.5 12.2 10.7 88.9 50.5 68.4 8.8 8.5 7.7 7.4 140.0 42.9 
May 18.4 16.4 16.6 133.6 276.9 117.1 13.8 11.2 13.3 76.2 200.9 69.1 
June 23.3 23.0 22.2 149.9 194.6 110.5 18.5 8.8 18.9 86.9 65.3 76.9 
July 23.9 25.1 24.9 13.0 60.7 95.8 22.7 22.4 22.8 8.9 41.7 63.2 
Mean/Total 9.0 9.8 9.5 569.5 929.4 677.4 7.3 7.4 7.9 429.5 585.5 384.9 
 
†Source: High Plains Regional Climate Center, University of Nebraska-Lincoln, NE. 
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Table 2. Analysis of variance with mean squares for yield and selected agronomic characteristics of six genotypes grown at three 
seeding rates with two nitrogen treatments in two growing seasons (2014 and 2015) at Havelock and HPAL, Nebraska.  
 
Source of df Grain  Plant  SPAD LAI Grain  Seed  Harvest 
variation 
 
yield height Hard dough Hard dough protein weight Index 
   Mg ha-1  cm  value  m2 m-2 % g   
         
Environment (ENV) 3 419.39*** 13354*** 16617*** 81.74*** 13.2 3432.19*** 2.91*** 
Error a 12 0.40 112.19 26.43 0.72 7.31 35.37 0.01 
Nitrogen (N) 1 8.04*** 20.22** 651.95*** 33.61* 36.01** 0.03 0.00 
ENV*N 3 2.42* 7.92 202.21*** 2.61 3.93 38.68* 0.05 
Error b 12 0.44 54.64 15.96 8.38 2.33 10.58 0.02 
Seed Rate (SR) 2 22.2*** 209.84*** 270.32*** 2.75*** 10.17*** 52.34*** 0.22*** 
ENV*SR 6 1.61*** 30.83*** 18.16 0.44 1.49*** 8.9*** 0.02* 
N*SR 2 0.03 6.54 2.16 0.19 1.68* 0.12 0.00 
ENV*N*SR 6 0.04 12.98 13.12 1.29*** 0.84* 10.33*** 0.01 
Genotype (G) 5 3.03*** 342.97*** 23.44 0.75* 9.13*** 73.87*** 0.02* 
ENV*G 15 1.49*** 77.95*** 98.78*** 0.52 3.71*** 18.32*** 0.02* 
N*V 5 0.11 11.31 20.23 0.24 0.58 2.90 0.01 
ENV*N*G 15 0.10 3.36 11.72 0.29 0.39 2.71 0.01 
SR*G 10 0.09 5.33 16.50 0.15 0.55 3.68 0.01 
ENV*SR*G 30 0.12 10.11 12.44 0.36 0.20 3.16 0.01 
N*SR*G 10 0.04 13.08 17.05 0.23 0.42 1.84 0.02* 
ENV*N*SR*G 30 0.10 7.33 16.43 0.45 0.16 1.47 0.01 
Error c  408 0.13 8.95 13.38 0.31 0.37 2.26 0.01 
 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
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Table 3. Mean grain yield and 1000-seed weight for each genotype, seeding rate, and nitrogen in two growing seasons (2014 and 
2015) at Havelock and at HPAL, Nebraska. 
 
Treatment Grain yield 1000-seed weight 
 
Havelock HPAL Havelock HPAL 
 
2014 2015 2014 2015 2014 2015 2014 2015 
     _________Mg ha-1__________         __________________g_____________ 
Genotype  
  
  
  
  Freeman 5.56b† 3.03a 5.35a 2.00a 35.51c 28.51a 35.67c 28.5bc 
Millennium 5.13cd 2.66b 4.95cd 2.03a 36.16bc 27.71b 35.99bc 29.16ab 
Overland 5.34bc 2.53b 4.82d 2.14a 36.13c 27.21b 35.92bc 27.67c 
Pronghorn 5.03d 2.20c 4.57e 2.01a 37.11b 25.63c 36.56b 29.2ab 
Robidoux 5.30c 2.04d 5.3ab 2.08a 34.30d 26.18c 35.38c 28.11c 
Settler CL 5.87a 2.28c 5.06bc 2.15a 39.20a 27.86ab 38.03a 29.6a 
   
  
  
  Seeding rate 
  
  
  
  seeds m-2 
  
  
  
  Half ‡ 5.04c 2.12c 4.40c 1.93b 35.98b 26.63c 36.34a 27.61c 
Normal 5.42b 2.47b 5.09b 2.09a 36.29ab 27.18b 36.04a 28.85b 
Twice 5.67a 2.78a 5.54a 2.19a 36.94a 27.74a 36.39a 29.65a 
         Nitrogen rate 
  
  
  
  kg N ha-1 
  
  
  
  0 5.14b 2.46a 4.78b 2.05a 36.63a 26.88a 36.86a 28.15a 
33.63 5.61a 2.45a 5.23a 2.08a 36.18a 27.49a 35.66a 29.25a 
 
† Means followed by the same letter in a given column are not significantly different at p<0.05 according to Fisher’s LSD test. 
‡ Seeding rate Half: 93 seeds m-2 and 126 seeds m-2, Normal: 186 seeds m-2 and 252 seeds m-2, Twice: 371 seeds m-2 and 503 seeds  
m-2, respectively at HPAL and at Havelock.
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Table 4. Mean plant height at maturity for each genotype, seeding rate, and nitrogen in 
two growing seasons (2014 and 2015) at Havelock and HPAL, Nebraska. 
 
Treatment Plant height 
  Havelock HPAL 
 
2014 2015 2014 2015 
  ______________________cm________________________ 
Genotype  
    
Freeman 77.09d† 91.36b 84.29de 86.75de 
Millennium 87.03b 100.35a 95.62b 101.41b 
Overland 81.33c 93.87b 93.05c 95.80c 
Pronghorn 96.18a 102.81a 99.76a 112.72a 
Robidoux 77.73d 91.38b 85.99d 88.80d 
Settler CL 74.72e 85.87c 83.51e 85.04e 
     Seeding rate 
  
  Seeds m-2 
  
  Half ‡ 80.45b 92.48b 88.73b 95.76a 
Normal 82.73a 94.72a 90.65a 96.22a 
Twice 83.87a 95.62a 91.73a 93.28b 
     Nitrogen rate 
  
  kg N ha-1 
  
  0 81.22a 93.38a 89.05b 94.37a 
33.63 83.48a 95.17a 91.69a 95.81a 
 
† Means followed by the same letter in a given column are not significantly different at 
p<0.05 according to Fisher’s LSD test. 
‡ Seeding rate Half: 93 and 126, Normal: 186 and 252, Twice: 371 and 503 seeds m-2, 
respectively at HPAL and Havelock.  
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Table 5. Mean SPAD value at flag leaf and hard dough stage for each genotype, seeding rate, and nitrogen in two growing seasons 
(2014 and 2015) at Havelock and HPAL, Nebraska. 
Treatment SPAD value 
  Flag leaf Hard dough 
 
Havelock HPAL Havelock HPAL 
  2014 2015 2014 2015 2014 2015 2014 2015 
         
Genotype                  
Freeman 44.35a† 36.7b 48.53b 42.74a 40.54a 20.03bc 44.32bc 33.70a 
Millennium 43.90a 34.91c 47.93bc 38.76b 40.12a 24.25a 44.33bc 29.80b 
Overland 44.75a 35.56bc 48.42b 38.71b 41.48a 22.08ab 44.38bc 29.54b 
Pronghorn 43.29a 34.61c 46.95c 42.02a 39.56a 18.03dc 43.58c 33.13a 
Robidoux 44.15a 37.01ab 50.3a 43.39a 40.97a 17.09d 45.13ab 34.56a 
Settler CL 44.35a 37.88a 50.72a 43.35a 40.10a 19.69bc 45.93a 34.53a 
         Seeding rate 
  
  
  
  Seeds m-2 
  
  
  
  Half ‡ 44.68a 36.55a 49.98a 42.55a 41.35a 21.61a 45.42a 34.45a 
Normal 45.16a 36.14a 48.73b 41.31ab 40.76ab 19.37b 44.64ab 32.43b 
Twice 42.56b 35.64a 47.71c 40.61b 39.28b 19.6b 43.76b 30.75c 
         Nitrogen rate 
  
  
  
  kg N ha-1 
  
  
  
  0 43.80a 36.02a 48.81a 41.26a 39.30b 20.30a 44.08a 29.88b 
33.63 44.47a 36.20a 48.81a 41.86a 41.62a 20.09a 45.14a 35.21a 
 
† Means followed by the same letter in a given column are not significantly different at p<0.05 according to Fisher’s LSD test. 
‡ Seeding rate Half: 93 and 126, Normal: 186 and 252, Twice: 371 and 503 seeds m-2, respectively at HPAL and Havelock. 
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Table 6. Mean leaf area index at boot and hard dough stage for each genotype, seeding 
rate, and nitrogen in two growing seasons (2014 and 2015) at Havelock and HPAL, 
Nebraska.  
 
Treatment Leaf Area Index 
 
Boot Hard dough 
 
Havelock Havelock HPAL   
  2014 2015 2014 2015 2014 2015 
  
Genotype  
      
Freeman 4.35a† 3.15b 2.73b 1.82bc 3.99a 2.93a 
Millennium 4.50a 3.13b 3.21a 2.06a 3.64b 3.05a 
Overland 4.36a 3.25ab 3.01ab 2.05a 3.74ba 2.82a 
Pronghorn 4.55a 3.41a 3.03ab 1.97ab 3.86ba 3.10a 
Robidoux 4.40a 2.93c 2.77b 1.84bc 3.68ba 2.88 
Settler CL 4.70a 3.29ab 3.12ab 1.76c 3.61b 2.70a 
       Seeding rate 
    
  Seeds m-2 
    
  Half ‡ 4.13b 3.15a 2.81b 1.86a 3.61b 2.88a 
Normal 4.48ab 3.22a 2.92b 1.89a 3.69b 2.93a 
Twice 4.81a 3.21a 3.21a 2.00a 3.97a 2.91a 
       Nitrogen rate 
    
  kg N ha-1 
    
  0 4.02b 3.17a 2.61b 1.72b 3.42a 2.84a 
33.63 4.93a 3.22a 3.35a 2.12a 4.08a 2.98a 
 
† Means followed by the same letter in a given column are not significantly different at 
p<0.05 according to Fisher’s LSD test. 
‡ Seeding rate Half: 93 and 126, Normal: 186 and 252, Twice: 371 and 503 seeds m-2, 
respectively at HPAL and Havelock.  
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Table 7. Mean harvest index for each genotype, seeding rate, and nitrogen in two 
growing seasons (2014 and 2015) at Havelock and HPAL, Nebraska. 
Treatment Harvest index 
 
Havelock HPAL 
  2014 2015 2014 2015 
     
Genotype 
    
Freeman 0.5ab† 0.27a 0.42a 0.15a 
Millennium 0.46bc 0.36a 0.41ab 0.16a 
Overland 0.53a 0.34a 0.37bc 0.15a 
Pronghorn 0.43c 0.32a 0.36c 0.15a 
Robidoux 0.49ab 0.30a 0.42a 0.16a 
Settler CL 0.52ab 0.34a 0.45a 0.15a 
   
  Seeding rate 
  
  Seeds m-2 
  
  Half ‡ 0.43b 0.29b 0.37b 0.14b 
Normal 0.51a 0.30a 0.42a 0.16a 
Twice 0.54a 0.37a 0.42a 0.16a 
     Nitrogen rate 
  
  kg N ha-1 
  
  0 0.48a 0.35a 0.40a 0.15a 
33.63 0.51a 0.29a 0.41a 0.16a 
 
† Means followed by the same letter in a given column are not significantly different at 
p<0.05 according to Fisher’s LSD test. 
‡ Seeding rate Half: 93 and 126, Normal: 186 and 252, Twice: 371 and 503 seeds m-2, 
respectively at HPAL and Havelock.  
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Table 8. Analysis of variance with mean squares for emergence rate and days to heading of six genotypes grown at three seeding rates 
with two nitrogen treatments in two growing seasons at Havelock and HPAL, Nebraska. 
 
Source of 
variation  
Emergence rate 
 
Days to heading  
  
      Havelock   Havelock HPAL 
  df 2014 2015 df 2014 2015 2014 
  
_________plants m-2______ 
 
___________d_____________ 
        Replication (Rep) 3 1915.53 1951.15 3 0.09 19.47 20.03 
Nitrogen (N) -    -    - 1 19.21 8.51 2.01 
Error a -    -    - 3 2.12 14.99 2.93 
Seeding rate (SR) 2 370891*** 627207*** 2 2.10*** 190.51*** 2.31 
N*SR -    -    - 2 2.69 6.67 0.22 
Genotype (G) 5 7680.38* 764.16 5 0.88*** 91.12*** 6.00*** 
N*G -    -    - 5 0.22** 3.39 0.34 
SR*G 10 2599.18 643.28 10 0.39* 4.04 0.67 
N*SR*G -    -    - 10 0.58 2.01 1.62* 
Error b 123 3244.74 796.43 102 0.5 2.25 0.82 
 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
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Table 9. Mean emergence rate and days to heading for each genotype, seeding rate, and 
nitrogen in two growing seasons (2014 and 2015) at Havelock and HPAL, Nebraska. 
Treatment Emergence rate Days to heading 
 
        Havelock       Havelock HPAL 
 
2014 2015 2014 2015  2014 
  _____plants m-2_____ _________________d_______________ 
Genotype 
     
Freeman 222a† 254a 22.46c† 23.46b 28.25c 
Millennium 196ab 257a 25.17a 27.25a 29.58a 
Overland 196ab 243a 25.46a 26.92a 29.54a 
Pronghorn 178b 249a 21.92d 23.21b 29.42ab 
Robidoux 219a 256a 22.92b 23.17b 29.00b 
Settler CL 220a 248a 21.75d 23.46b 29.08ab 
     
 Seeding rate 
    
 Seeds m-2 
    
 Half ‡ 122c 130c 24.56a 26.63a 29.35a 
Normal 197b 269b 23.21b 24.46b 29.17ab 
Twice 297a 356a 22.06c 22.65c 28.92b 
      Nitrogen rate 
    
 kg N ha-1 
    
 0     -      - 23.15a 24.82a 29.26a 
33.63     -     - 23.40a 24.33a 29.03a 
 
† Means followed by the same letter in a given column are not significantly different at 
p<0.05 according to Fisher’s LSD test. 
‡ Seeding rate Half: 93 and 126, Normal: 186 and 252, Twice: 371 and 503 seeds m-2, 
respectively at HPAL and Havelock.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
29 
References 
Abedi, T., A. Alemzadeh, and S.A. Kazemeyni. 2011. Wheat yield and grain protein 
response to nitrogen amount and timing. Aust. J. Crop Sci. 5: 327–333. 
Altman, D.W., W.L. McCuistion, and W.E. Kronstad. 1983. Grain protein percentage, 
kernel hardness, and grain yield of winter wheat with foliar applied urea. Agron. J. 
75: 87–91. 
Blankenau, K., and H.W. Olfs. 2001. Effect of different crop densities of winter wheat on 
recovery of nitrogen in crop and soil within the growth period. J. Agron. Crop Sci. 
186: 151–156. 
Blue, E.N., S.C. Mason, and D.H. Sander. 1990. Influence of planting date, seeding rate, 
and phosphorus rate on wheat yield. Agron. J. 82: 762-768. 
Bullock, D.G., and D.S. Anderson. 1998. Evaluation of the Minolta SPAD‐502 
chlorophyll meter for nitrogen management in corn. J. Plant Nutr. 21: 741–755. 
Baenziger, P.S., B. Beecher, R.A. Graybosch, A.M.H. Ibrahim, D.D. Baltensperger, L.A. 
Nelson, Y. Jin, S.N. Wegulo, J.E. Watkins, J.H. Hatchett, M.S. Chen, and G. Bai. 
2008. Registration of “NE01643” wheat. J. Plant Regist. 2: 36-42. 
Baenziger, P.S., R.A. Graybosch, L.A. Nelson, T. Regassa, R.N. Klein, D.D. 
Baltensperger, D.K. Santra, A.M.H. Ibrahim, W. Berzonsky, J.M. Krall, L. Xu, S.N. 
Wegulo, M.L. Bernards, Y. Jin, J. Kolmer, J.H. Hatchett, M.S. Chen, and G. Bai. 
2011. Registration of “NH03614 CL” wheat. J. Plant Regist. 5: 75-80. 
 
 
 
30 
Baenziger, P.S., R.A. Graybosch, T. Regassa, R.N. Klein, G.R. Kruger, D.K. Santra, L. 
Xu, D.J. Rose, S.N. Wegulo, Y. Jin, J. Kolmer, G.L. Hein, M.S. Chen, G. Bai, R.L. 
Bowden, and J. Poland. 2014. Registration of “NE06545” (Husker Genetics Brand 
Freeman) hard red winter wheat. J. Plant Regist. 8: 279-284. 
Baenziger, P.S., R.A. Graybosch, T. Regassa, L.A. Nelson, R.N. Klein, D.K. Santra, D.D. 
Baltensperger, J.M. Krall, L. Xu, S.N. Wegulo, Y. Jin, J. Kolmer, M.-S. Chen, and 
G. Bai. 2012. Registration of “NI04421” hard red winter wheat. J. Plant Regist. 6: 
54-59. 
Baenziger, P.S., B. Moreno-Sevilla, C.J. Peterson, D.R. Shelton, R.W. Elmore, P.T. 
Nordquist, R.N. Klein, D.D. Baltensperger, L.A. Nelson, D.V. McVey, J.E. 
Watkins, J.H. Hatchett, and G. Hein. 2001. Registration of ‘Millennium’ wheat. 
Crop Sci. 41:1367–1369. 
Baenziger, P.S., B. Moreno-Sevilla, C.J. Peterson, D.R. Shelton, D.D. Baltensperger, 
L.A. Nelson, D.V. McVey, J.E. Watkins, J.H. Hatchett, and J.W. Schmidt. 1997. 
Registration of ‘Pronghorn’ wheat. Crop Sci. 37:1005-1006.  
Chen, C., K. Neill, D. Wichman, and M. Westcott. 2008. Hard red spring wheat response 
to row spacing, seeding rate, and nitrogen. Agron. J. 100: 1296–1302. 
Dai, X., X. Zhou, D. Jia, L. Xiao, H. Kong, and M. He. 2013. Managing the seeding rate 
to improve nitrogen-use efficiency of winter wheat. F. Crop. Res. 154: 100–109. 
Fageria, N.K., and V.C. Baligar. 2005. Enhancing nitrogen use efficiency in crop plants. 
Adv. Agron. 88: 97–185. 
 
 
 
31 
Fang, Y., B. Xu, N.C. Turner, and F.-M. Li. 2010. Grain yield, dry matter accumulation 
and remobilization, and root respiration in winter wheat as affected by seeding rate 
and root pruning. Eur. J. Agron. 33: 257–266. 
Frink, C.R., P.E. Waggoner, and J.H. Ausubel. 1999. Nitrogen fertilizer : Retrospect and 
prospect. Proc. Natl. Acad. Sci. USA.  96: 1175–1180. 
Geleta, B., M. Atak, P.S. Baenziger, L.A. Nelson, D.D. Baltenesperger, K.M. Eskridge, 
M.J. Shipman, and D.R. Shelton. 2002. Seeding rate and genotype effect on 
agronomic performance and end-use quality of winter wheat. Crop Sci. 42: 827–832. 
Gooding, M.J., A. Pinyosinwat, and R.H. Ellis. 2002. Responses of wheat grain yield and 
quality to seed rate. J. Agric. Sci. 138: 317–331. 
Haile, D., R. Nigussie-Dechassa, W. Abdo, and F. Girma. 2013. Seeding rate and 
genotype effects on agronomic performance and grain protein content of durum 
wheat [Triticum turgidum L. Var. Durum] in south-eastern Ethiopia. African J. 
Food, Agric. Nutr. Dev. 13:0. 
Hemmat, A., and O. Taki. 2001. Grain yield of irrigated winter wheat as affected by 
stubble-tillage management and seeding rates in central Iran. Soil Tillage Res. 63: 
57–64. 
Iqbal, N., N. Akbar, M. Ali, M. Sattar, and L. Ali. 2010. Effect of seed rate and row 
spacing on yield and yield components of wheat ( Triticum aestivum L .). J. Agric. 
Res. 48: 151–156. 
 
 
 
32 
Iqbal, J., K. Hayat, and S. Hussain. 2012. Effect of seeding rates and nitrogen levels on 
yield and yield components of wheat ( Triticum aestivum L .). Pakistan J. Nutr. 11: 
531–536. 
Lloveras, J., A. Lopez, J. Ferran, S. Espachs, and J. Solsona. 2001. Bread-making wheat 
and soil nitrate as affected by nitrogen fertilization in irrigated mediterranean 
conditions. Agron. J. 93: 1183–1190. 
Lloveras, J., J. Manent, J. Viudas, A. López, and P. Santiveri. 2004. Seeding rate 
influence on yield and yield components of irrigated winter wheat in a 
mediterranean climate. Agron. J. 96: 1258–1265. 
López-Bellido, L., R.J. López-Bellido, and F.J. López-Bellido. 2006. Fertilizer nitrogen 
efficiency in durum wheat under rainfed mediterranean conditions: effect of split 
application. Agron. J. 98: 55–62. 
Mullen, R.W., K.W. Freeman, W.R. Raun, G. V. Johnson, M.L. Stone, and J.B. Solie. 
2003. Identifying an in-season response index and the potential to increase wheat 
yield with nitrogen. Agron. J. 95: 347–351. 
Nebraska Department of Agriculture.2013.Wheat.Nebraska agriculture.Available at 
http://www.nda.nebraska.gov/publications/ne_ag_facts_brochure.pdf (accessed 10 
Sep. 2015). 
 
 
 
33 
Otteson, B.N., M. Mergoum, and J.K. Ransom. 2007. Seeding rate and nitrogen 
management effects on spring wheat yield and yield components. Agron. J. 99: 
1615–1621. 
Peng, S., F. Garcia, R. Laza, and K.G. Cassman. 1992. Leaf thickness affects the 
estimation of leaf N using a chlorophyll meter. Int. Rice Res. Newsl. 17: 19–20. 
Saint Pierre, C., C.J. Peterson, A. S. Ross, J.B. Ohm, M.C. Verhoeven, M. Larson, and B. 
Hoefer. 2008. Winter wheat genotypes under different levels of nitrogen and water 
stress: Changes in grain protein composition. J. Cereal Sci. 47: 407–416. 
Raun, W.R., and G.V. Johnson. 1999. Improving nitrogen use efficiency for cereal 
production. Agron. J. 91: 357–363. 
Raun, W.R., J.B. Solie, G. V Johnson, M.L. Stone, R.W. Mullen, K.W. Freeman, W.E. 
Thomason, and E. V Lukina. 2002. Improving nitrogen use efficiency in cereal grain 
production with optical sensing and variable rate application. Agron. J. 94: 815–820. 
SAS Institute. 2013. SAS 9.4 Product documentation. SAS Inst., Cary,NC. Available at 
http://support.sas.com/documentation/94/index.html (accessed 10 Sep.2015). 
Stapper, M., and R. Fischer. 1990. Genotype, sowing date and plant spacing influence on 
high-yielding irrigated wheat in southern New South Wales. I. Phasic development, 
canopy growth and spike production. Aust. J. Agric. Res. 41: 997-1019. 
Stolttenberg, D.E. 1968. Influence of seeding rates on winter wheat yields and yield 
components.Masters of Science thesis.University of Nebraska, Lincoln,NE. 
 
 
 
34 
Tompkins, D.K., D.B. Fowler, and a. T. Wright. 1991. Water use by no-till winter wheat 
influence of seed rate and row spacing. Agron. J. 83: 766-769. 
USDA-NRCS.2015. Web soil survey. 2015. Available at 
http://websoilsurvey.sc.egov.usda.gov/app/websoilsurvey.aspx (accessed 19 Nov. 
2015). 
Velasco, J.L., H.S. Rozas, H.E. Echeverría, and P.A. Barbieri. 2012. Optimizing fertilizer 
nitrogen use efficiency by intensively managed spring wheat in humid regions: 
Effect of split application. Can. J. Plant Sci. 92: 847–856. 
Vocke, G., and O. Liefert. 2013. United States Department of Agriculture Economic 
Research Service - Wheat background.Available at 
http://www.ers.usda.gov/topics/crops/wheat/background/.aspx (accessed 10 Sep. 
2015). 
Xue, Q., A. Weiss, P.S. Baenziger, and D.R. Shelton. 2011. Seeding rate and genotype 
affect yield and end-use quality in winter wheat. J. Agro Crop Sci. 2: 18–25. 
 
 
 
 
 
 
 
 
 
 
35 
CHAPTER 2 
Genotype, Environment, Seeding rate, and Top-Dressed Nitrogen Effects on End-
Use Quality of Winter Wheat  
Abstract 
Improvement in end-use quality of hard red winter wheat (Triticum aestivium L) requires 
thorough understanding of responses of genotype, environment, and management 
practices such as seeding rate and nitrogen fertilization. The objective of this study was to 
determine the effects of genotype (6), environment (4), seeding rate (3), and top-dressed 
nitrogen on end-use quality of winter wheat. Experiments were carried out in a 
randomized complete block design with split factorial arrangement in four replicates. 
Nitrogen (0 and 34kg N ha-1 at flag leaf) was applied to the whole plots and factorial 
combinations of six genotypes and three seeding rates [0.5, 1, and 2 times the normal 
seeding rate) to the split plots. Seeds were sown at two locations, where the normal 
seeding rates were 256 seeds m-2 (Havelock) and 186 seeds m-2 (HPAL). All genotypes 
produced more than 13% grain protein except ‘Freeman’ (12.6%). Top-dressed nitrogen 
application increased grain protein concentration, water absorption, peak height, 
mixograph tail area, weakening slope, and decreased grain volume weight, mixing time, 
and tolerance. Increased seeding rate increased 1000-seed weight, grain volume weight, 
flour yield, mixing time, and mixing tolerance, while grain protein concentration, water 
absorption, mixograph tail area, mixograph peak height, and weakening slope were 
decreased. This study revealed that using higher than recommended seeding rate and top-
dress nitrogen application at flag leaf improved the end-use quality of winter wheat 
cultivars. 
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Introduction 
Wheat (Triticum aestivum L.) is an economically important cereal, in particular 
for its unique functional protein (Hussain et al., 2006). It is a staple food for more than 
one third of the world population and supplies nearly 20% of the food calories (Hussain 
et al., 2002). Hard red winter wheat contributes 40% of the total wheat production in the 
United States (Vocke and Liefert, 2013). Hard red winter wheat produced in the Great 
Plains of the United States is inherently inconsistent in quality characteristics both within 
and across crop years (Peterson et al., 1998). Managing production practices such as 
seeding rate, nitrogen, and selection of best performing cultivars is thus extremely 
important to maintain competitive end-use quality characteristics, which in hard red 
winter wheat are defined as the quality characteristics suitable for bread production 
(Faridi and Finley, 1989).  
 One of the important agronomic management practices affecting end-use quality 
of wheat is seeding rate. Seeding rate is easily manipulated by producers (Chen et al., 
2008; Lloveras et al., 2004). Increased seeding rate was found to decrease kernel weight, 
protein concentration, and mixing tolerance, and increased flour yield and mixing time 
(Geleta et al., 2002; Xue et al., 2011). Researchers also found no significant effect of 
seeding rate on kernel weight and grain protein (Haile et al., 2013). The effect of seeding 
rate on grain protein is inconsistent. Some studies reported no effect of increase in 
seeding rate on grain protein (Ozturk et al., 2006) while others reported reduced grain 
protein (Geleta et al., 2002; Xue et al., 2011) and Tompkins et al. (1991) reported 
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increase in grain protein. Increased seeding rate increased flour yield and mixing time 
whereas decreased flour protein concentration (Geleta et al., 2002; Xue et al., 2011).  
 Nitrogen application in wheat increases grain protein concentration (Abedi et al., 
2011; Altman et al., 1983; Otteson et al., 2007; Saint Pierre et al., 2008). Nitrogen is one 
of the most essential nutrients for proper growth, and grain quality of winter wheat 
(Fageria and Baligar, 2005; Frink et al., 1999). The positive linear relationship has been 
found between nitrogen application and bread making quality (Tea et al., 2007). Thus, the 
amount of grain protein is strongly influenced by the rate of nitrogen application (Gauer 
et al., 1992). Some studies have also shown that increased nitrogen application rate 
resulted in increased grain protein concentration (Guttieri et al., 2005; Vaughan et al., 
1990). For increasing nitrogen fertilization recovery, it is important to apply nitrogen 
when nitrogen requirement is higher for plants (Mullen et al., 2003) . Thus, appropriate 
management i.e., rate and timing of nitrogen application (Cui et al., 2010) is important to 
realize better end-use quality (Dupont and Altenbach, 2003; Johansson et al., 2004, 2001) 
in wheat (Abedi et al., 2011; Blankenau et al., 2002). Time of nitrogen application has 
shown significant effect on grain protein concentration (Haile et al., 2012). Nitrogen 
application at anthesis was found to be the most efficient for increasing grain protein 
concentration in wheat (Bly and Woodard, 2003; Gooding et al., 2007; Ottman and Pope, 
2000). 
Among the common end-use quality characteristics, milling and baking qualities 
have shown to be affected by genotype and environment (Faridi and Finley, 1989; 
Peterson et al., 1998). The milling quality is determined by kernel weight, grain volume 
weight, and flour yield; whereas baking quality is related to grain protein 
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concentration/flour protein concentration, mixograph mixing time, mixing tolerance, and 
water absorption (Finney et al., 1987). Grain protein concentration is an integral factor in 
determining bread-making quality (Johansson et al., 2001). Protein concentration in 
wheat seed is primarily dependent on genotype (Peterson et al.,1998) but also influenced 
by environmental factors such as nitrogen fertilization and seeding rate (Tea et al., 2004). 
Improvement in end-use quality is largely associated with use of modern cultivars that 
perform well under different environmental conditions and appropriate management 
practices (Chen et al., 2008; Geleta et al., 2002). 
 Understanding similarities or differences between genotype responses under key 
production practices such as seeding rate and nitrogen, over contrasting environments 
will benefit wheat-growing industries along with farmers by following effective 
management practices for better end-use quality. Although the effects of seeding rate and 
nitrogen application on agronomic performance of wheat has been studied previously, 
little information is available regarding influence on end-use quality of commonly grown 
modern cultivars of hard red winter wheat in Nebraska. Therefore, the objective of this 
experiment was to determine the effect of seeding rate and top-dressed nitrogen at flag 
leaf stage on end-use quality of winter wheat cultivars grown in Nebraska under two 
contrasting agro-climatic regions.  
 
Materials and Methods 
 The materials and methods for field management, experimental design, and site 
description were described in Chapter 1; only methods specific to this chapter are 
described.  
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Grain Sample Production 
Grain samples obtained from six hard red winter wheat genotypes/cultivars were 
Freeman (Reg. no. CV-1098, PI 667038, Baenziger et al., 2014), Millennium (Reg. no. 
CV-908, PI 613099, Baenziger et al., 2001a), Overland (Reg. no. CV-1020, PI 647959, 
Baenziger et al., 2008), Pronghorn (Reg. no. CV-848, PI 593047, Baenziger et al., 1997), 
Robidoux (Reg. no. CV-1064, PI 659690, Baenziger et al., 2010), and Settler CL (Reg. 
no. CV-1051, PI 653833, Baenziger et al. 2011). All cultivars are commonly grown in 
Nebraska with different baking qualities. The samples from each plot were used for end-
use quality analysis.  
  
Quality Analysis 
Grain protein and moisture content (%) were determined using a near infrared 
reflectance (NIR) analyzer (DA 7250, Perten Instruments, Springfield, IL). 1000-seed 
weight (g) was calculated for each genotype by weighing 1000 grain samples per plot. 
Grain volume weight (kg hL-1) was recovered from a specialized plot combine harvester 
(SPC-40, ALMACO, IA), which was in grain volume weight in pounds per bushel of the 
harvested grain.  
Grain samples (50 g of grain) were taken from each plot and tempered to a 
moisture basis of 15.2% for 18 to 20 h before milling (Approved Methods 26-95.01 
AACC International, 2013). Then, sample was milled in a Quadrumat Jr. Mill (C.W. 
Branbender Instruments Inc., South Hackensack, NJ). A standard shaker (Strand Shaker 
Co.,Minneapolis, MN) at 225 rpm for 90s with a U.S.A. standard testing sieve No.70 was 
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used to separate flour from bran and flour was weighed (Approved Methods 26-21.02 
AACC International, 2013). Flour yield was expressed as grams of flour per kg of grain. 
Flour protein concentration and moisture were given from the NIR instrument. For the 
adjustment of flour protein with standard method known as crude protein-combustion 
method (Approved Methods 46-30.01, AACC International, 2013), approximately 21% 
(30/144) of grain sample from Havelock were taken and protein concentration was 
determined by using LECO combustion instrument (LECO Corporation, MI). For the 
adjustment of flour moisture, standard gravimetric method (Approved Methods 44-19.01, 
AACC International, 2013) was used. After finding out flour protein and moisture 
content from the standard approved method by AACC International, regression line was 
developed by plotting protein from NIR analyzer with the Standard method, and moisture 
from NIR analyzer with Standard method. Finally, regression equation for flour protein 
(in 2014 season; adjusted protein=1.2231*NIR protein-1.6188 whereas in 2015 season; 
adjusted protein=1.1829*NIR-1.3294) and moisture (In 2014 season; adjusted 
moisture=NIR moisture-1.58 and for 2015 season adjusted moisture=NIR moisture-0.96) 
were calculated for Mixograph analysis.  
Flour sample of 10 g was run in a Mixograph (National Manufacturing, Lincoln, 
NE) (Approved Methods 54- 40.02; AACC International, 2013) for end-use quality 
analysis. Water absorption was determined using the regression equation based on the 
14% adjusted protein concentration provided in the method (water absorption for 
Tenemarque =1.5*%protein at 14% moisture basis+43.5). Mixograph mixing time was 
fixed to 8min.  
Mixogram data was analyzed using Mixsmart software (National Manufacturing). 
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Five important mixograph parameters were included and  assumed to be representative of 
overall idea of the dough development like optimum development, break down, and 
consistency. Midline peak time (MPT) or mixing time was recorded as the time in 
minutes required for optimum development of dough, Midline Peak Value (MPV) or 
peak height was calculated as the height on the curve at MPT and indicated dough 
strength, Midline Curve tail area (MTI) or tail area: the area under the midline curve tail 
for the first 8 min of mixing and shows resistance to dough extension. Weakening Slope 
(WS) indicates the rate of breakdown while mixing i.e. dough weakening and was 
calculated by the difference of two values of  the curve height at peak time and at 8 min 
of mixing (i.e., WS=MPV and MTV). Mixing tolerance was scored using a scale from 0 
to 7 based on the comparison against standard mixograph curves in the Nebraska Wheat 
Quality Laboratory. The higher number denotes greater tolerance of dough to overmixing 
(Approved Methods 54-40.02; AACC International, 2013).  
 
Data Analysis 
The data was analyzed using PROC MIXED (SAS Institute, 2013) . Analysis of 
variance was calculated by using PROC MIXED METHOD=TYPE3 (SAS Institute) 
considering each site-year as a separate environment. Havelock-2014 and HPAL-2014 
were considered as environments HV14 and HPAL14, respectively. Havelock-2015 and 
HPAL-2015 were considered as environment HV15 and HPAL15, respectively. Seeding 
rate, genotype, nitrogen, environment, and their interactions were tested as fixed effects. 
Replications and their interactions with seeding rate, genotype, nitrogen, and 
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environment were considered random effects. Replications were considered nested with 
in environment. Combined analysis of variance was done to test the effects of genotype, 
environment, seeding rate, nitrogen and their interaction. LSMEAN statement was used 
for calculating treatment means, and mean separation was done using Fisher’s protected 
LSD test at 5% level of significance using the simulation option available in the LINES 
statement of PROC GLIMMIX (SAS Institute, 2013). Pearson correlation between grain 
protein and mixograph parameters were done using PROC CORR in SAS. 
 
Results and Discussion 
 
Analysis of Variance 
A combined analysis of variance revealed significant effects of environment, 
genotype, nitrogen, and seeding rate for end-use quality (Table 1). Although significant 
genotype x environment interaction was found for all the end-use quality traits, a large 
portion of variability was observed due to either genotype or environment main effect. 
This implied that the variability from genotype x environment interaction was smaller 
than that of either genotype or environment may result in relatively similar ranking of 
genotypes over all environment (Fufa et al., 2005). 
 
Grain protein concentration 
Grain protein concentration was mainly influenced by nitrogen, seeding rate, and 
genotype (Table 1). Average grain protein concentrations for Havelock in 2014 and 2015 
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were 12.9 % and 13.6 %, respectively, while grain protein concentration in both years at 
HPAL was 13.2 % (Table 2).  
Application of nitrogen at flag leaf stage resulted in increased grain protein 
concentration (Table 2). The increase in protein concentration due to nitrogen treatment 
could be explained by the availability of nitrogen to the plant at the critical stage of grain 
formation as compared untreated plots.  
 Grain protein concentration was decreased with increase in seeding rate from half 
to twice seeding rate (Table 2). This was likely due to higher plant density that led to 
strong competition for available nitrogen during hard dough stage (Geleta et al., 2002; 
Xue et al., 2011) and also due to higher grain yield obtained in higher seeding rates  (as 
observed in chapter 1). Higher grain yield implying that more production of carbohydrate 
and stored in the grain whereas less production and storage of protein in the grain. 
However, seeding rate did not influence grain protein concentration in some research 
(Campbell et al., 1991; Haile et al., 2013).  
 Significant environment x nitrogen x seeding rate interactions were observed for 
grain protein concentration (Table 1). Nitrogen application and half seeding rate at HV15 
had the highest grain protein concentration (13.9%) whereas no nitrogen and twice 
seeding rate at HV14 had the lowest grain protein concentration (12.1%).  
Significant environment x seeding rate and nitrogen x seeding rate interactions 
were observed (Table 1) mainly due to changes in magnitude between treatments rather 
than change in rank. Half seeding rate had higher grain protein concentration than twice 
seeding rate in all environments. Half seeding rate had the highest grain protein 
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concentration (13.7 %) at HV15 whereas twice seeding rate had the lowest grain protein 
concentration (12.5 %) at HV14. 
 Significant interactions of nitrogen x seeding rate on grain protein concentration 
(Table 1) showed that application of nitrogen at flag leaf resulted in improved protein 
concentration in all seeding rate. For instance at half seeding rate, top dressed nitrogen 
had 13.6% grain protein concentration and unfertilized treatment had 13.3% grain protein 
concentration. At normal seeding rate, top dressed nitrogen had 13.4% and unfertilized 
treatment had 12.9% grain protein concentration. At twice seeding rate, top dressed 
nitrogen had 13.4% grain protein concentration and 12.7% grain protein concentration at 
unfertilized treatment.  
 Significant environment x genotype interaction was observed on grain protein 
concentration (Table 1) mainly due to change in rank rather than change in magnitude. 
This imply that the grain protein concentration of genotype varied with environments. 
This could be due to different response of genotype in different environment. Robidoux 
had 12.7%, 12.8%, 14.8%, and 13.4% grain protein concentration at HV14, HPAL14, 
HV15, and HPAL 15, respectively. 
 
1000-seed weight 
1000-seed weight was mainly affected by environment, seeding rate, and 
genotype (Table 1). 1000-seed weight varied with environment ranging from 27.2 g to 
36.6 g (Table 2). In 2015, average 1000-seed weight decreased by 26.8% and 33.4% at 
Havelock and HPAL, respectively compared to 2014, mainly due to presence of high 
diseases pressure.  
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Nitrogen application did not significantly affect 1000-seed weight (Table 2). This 
result was in contrast with the results of Otteson et al. (2007), where they found 
decreased 1000-seed weight with increased application of nitrogen.  
1000-seed weight significantly increased with increase in seeding rate (Table 2) 
and may be due to the use of different cultivars. This result contradicted Geleta et al. 
(2002) and Xue et al. (2011), who found decreased 1000-seed weight with increase in 
seeding rate from 65 kg ha-1 to 130 kg ha-1 (245-489 seeds m-2) i.e., normal to twice 
seeding rate in eastern Nebraska. On the other hand, Gooding et al. (2002) found 
inconsistent effect of seeding rate on 1000-seed weight.  
Significant environment x nitrogen x seeding rate interactions were found for 
1000-seed weight (Table 1). Twice seeding rate with no nitrogen application had the 
highest 1000-seed weight (37.3 g) at HPAL14 whereas top-dressed nitrogen application 
with half seeding rate had the lowest 1000-seed weight (26.4 g) at HV15.  
 Significant environment x nitrogen interaction was observed for 1000-seed weight 
mainly (Table 1) due to variability in response of nitrogen on 1000-seed weight in 
different years at both locations. No nitrogen treatment had the highest 1000-seed weight 
at HV14 and HPAL14 whereas top-dressed nitrogen had the highest 1000-seed weight at 
HV15 and HPAL15. This result suggested that the effect of top-dressing of nitrogen on 
1000-seed weight vary from year to year mainly due to differences in disease severity.  
Significant environment x seeding interactions on 1000-seed weight (Table 1) 
showed that the use of twice seeding rate in all environments resulted in higher 1000-seed 
weight. The significant environment x genotype interaction was mainly due to change in 
rank. This result was due to different response of genotypes to different growing 
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conditions. Settler CL had the highest 1000-seed weight at HV14, HPAL14, and 
HPAL15 whereas Freeman had the highest 1000-seed weight in HV15 (Havelock-2015).  
 
Grain volume weight 
Grain volume weight was significantly affected by environment, genotype, and 
seeding rate but not by top-dressed nitrogen (Table 1). Grain volume weight showed 
highly significant differences among the environments ranging from 69.7 kg hl-1 to 79.5 
kg hl-1 (Table 2). No significant effect of top-dressed nitrogen was observed on grain 
volume weight (Table 2). This was in contrast with the results of Otteson et al. (2007) 
and Saint Pierre et al. (2008), who found decreased grain volume weight with increased 
application of nitrogen.  
Grain volume weight significantly increased with increased seeding rate up to 
normal seeding rate, but with no increased between normal and twice seeding rate (Table 
2). Similar results were observed by Geleta et al. (2002), who found increased grain 
volume weight with increased seeding rate from 65 kg ha-1 (245 seeds m-2) to 130 kg ha-1 
(489 seeds m-2). Higher grain volume weight due to increased seeding rate was mainly 
due to production of lower number of harvestable tillers and early tillers produced at high 
seeding rate produce larger grains that result in high grain volume weight, as observed by 
Geleta et al., 2002. In other hand, Otteson et al. (2008) found no significant effect of 
seeding rate on grain volume weight. 
Significant environment x nitrogen x seeding rate was observed interaction was 
found for grain volume weight (Table 1). Twice seeding rate in two environments at 
HV14 and HV15 had highest grain volume weight and half seeding rate produced highest 
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grain volume in other two environments at HPAL14 and HPAL15 averaged over nitrogen 
and genotype. Top-dressed nitrogen decreased grain volume weight at HPAL14, HV15, 
and HPAL15 averaged over seeding rate and genotype.  
 
Flour yield 
Flour yield was mainly affected by environment, genotype, and seeding rate 
(Table 1). Flour yield, varied with environment, ranged from 653.0 g kg-1 to 679.5 g kg-1 
(Table 2).  
 No significant effect of nitrogen was found in flour yield (Table 2). This result 
was similar to Otteson et al. (2008), where they found no influence of nitrogen 
application on flour yield. 
Increased seeding rate from half to normal resulted in increased flour yield, but no 
significant increase between normal and twice seeding rate (Table 2). This result was 
similar to finding of Geleta et al. (2002) and Xue et al. (2011), who found increased flour 
yield with increased seeding rate up to 65 kg ha -1 (245 seeds m-2) i.e., normal seeding for 
eastern Nebraska. In contrast, Otteson et al. (2008) found no significant effect of seeding 
rate on flour yield of spring wheat. 
 Significant environment x nitrogen interaction for flour yield was mainly due to 
change in rank rather than change in magnitude. HPAL14 with application of nitrogen 
had higher flour yield whereas HV14 , HV15, and HPAL15 with no nitrogen application 
had higher flour yield.  
Significant environment x genotype interaction for flour yield was mainly due to 
change in rank rather than change in magnitude. This was due to inclusion of diverse 
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genotypes for end-use quality.  Settler CL had the highest flour yield at HV14 and 
HPAL14 , Overland had the highest flour yield at HV15, and Millennium had the highest 
flour yield at HPAL15. 
 
Mixograph parameters 
 
Water absorption  
Mixograph water absorption (i.e., water absorption) was mainly influenced by 
nitrogen, seeding rate, and genotype. Nitrogen application at flag leaf significantly 
increased water absorption (Table 2). 
Increased seeding rate up to normal seeding rate decreased water absorption, but 
with no significant difference observed on further seeding rate increase to twice (Table 
2). This was due to lower protein concentration obtained with increased seeding rate. 
This result was similar to the result of Seleiman et al. (2010), who found decreased water 
absorption with increase in seeding rate from 250 seeds m-2 to 400 seeds m-2. 
Significant environment x genotype interaction on water absorption (Table 1) was 
mainly due to change in rank of genotypes among environments. Freeman at HV15 had 
the highest water absorption (60.7 %) whereas Overland at HV15 had the lowest water 
absorption (56.6 %). 
 
Tail area 
Tail area, indicating resistance to extension of dough, was mainly affected by 
nitrogen, seeding rate, and genotype (Table 1). Tail area was similar at Havelock in both 
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years whereas it varied significantly from year to year at HPAL. Tail area significantly 
varied with environment ranging from 320.4 %TQ*min (HV14) to 363.5 %TQ*min 
(HPAL14) %TQ*min, with higher value indicating higher resistance to extension of 
dough.  
Application of nitrogen significantly increased tail area (Table 2). This may be 
due to increased grain protein concentration from top-dressed nitrogen application (Fig. 
1): a significant positive correlation (r=0.37 ***) between protein concentration and tail 
area (Table 3).  
 Increased seeding rate up to normal seeding rate decreased tail area and no 
further increased above the normal seeding rate (Table 2). This may be due to decreased 
grain protein concentration at higher seeding rate (Table 2): a significant positive 
correlation (r=0.37 ***) between grain protein and tail area (Table 3).  
 Significant environment x nitrogen x genotype interactions were found for 
tail area (Table 1). Overland with no nitrogen treatment at HPAL14 had highest tail area 
(377.7 %TQ*min) while Freeman with no nitrogen at HV14 had the lowest tail area 
(286.6 %TQ*min). 
 Significant environment x genotype interaction was mainly due to change in rank 
of genotypes. This was due to inclusion of diverse genotype under study. Overland had 
the highest tail area (375.2 %TQ*min) at HPAL14 whereas Freeman had the lowest tail 
area (291.2 %TQ*min) at HV14.  
 Significant nitrogen x genotype interactions was mainly due to change in 
magnitude among the genotypes rather than change in rank. For instance, all genotypes 
with top-dressed nitrogen application increased tail area compared to untreated plots. 
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Averaged over environments and seeding rate, Millennium with top-dressed nitrogen at 
flag leaf had the highest tail area (355.3 %TQ*min) whereas Freeman with no nitrogen 
treatment had the lowest tail area (310.2 %TQ*min).  
 
Peak height 
Peak height, denoting the dough strength, was influenced by nitrogen, seeding 
rate, and genotype. A significant effect of environment on peak height was observed 
(Table 1), with a value ranging from 44.8 % (HV14) to 52.4 % (HPAL14) shown in 
Table 2.  
Top-dressed nitrogen at flag leaf resulted in increased peak height (Table 2). This 
might be due to increased grain protein concentration from top-dressed nitrogen 
application (Table 2): a significant positive correlation (r=0.37 ***) between protein 
concentration and peak height (Table 3).  
Increased seeding rate up to normal seeding rate resulted in decreased peak 
height, but with no further decrease at twice seeding rate (Table 2). This may be due to 
decreased grain protein concentration at higher seeding rate (Table 2): a significant 
positive correlation (r=0.37 ***) between protein concentration and peak height (Table 
3).  
Environment x nitrogen x genotype interactions were significant for peak height 
(Table 1). Overland with no nitrogen treatment had the highest peak height (54.7 %) at 
HPAL14 while Pronghorn with top-dressed nitrogen had the lowest peak height (40.2 %) 
at HV15.  
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Significant environment x genotype interaction was observed for peak height 
(Table 1) mainly due to change in rank of genotypes. This might be due to inclusion of 
diverse genotype under study. Overland at HPAL14 had the highest peak height (54.3 %) 
whereas Freeman at HV15 had the lowest peak height (41.2 %). 
Significant nitrogen x genotype interaction was observed for peak height (Table 
1) mainly due to change in magnitude among the genotypes rather than change in rank. 
For instance, all genotypes with top-dressed nitrogen application increased peak height 
compared to untreated plots. Millennium with top-dressed nitrogen application at flag 
leaf had the highest peak height (49.8 %) whereas Freeman with no nitrogen treatment 
had the lowest peak height (43.5 %). 
Significant environment x seeding rate interaction was observed for peak height 
(Table 1) mainly due to change in magnitude across the environments, although changes 
in a few ranks were seen. This result showed that half seeding rate had the highest peak 
height in all environments.  
 Significant nitrogen x seeding rate interaction was observed for peak height 
(Table 1) mainly due to change in magnitude among treatments. Application of nitrogen 
and increase in seeding rate from half to normal significantly decreased peak height, but 
with no significant difference on further increase in seeding rate and nitrogen application. 
For instance, application of nitrogen with half seeding rate had the highest peak height 
(48.7 %) whereas no nitrogen treatment with twice seeding rate had the lowest peak 
height (45.4 %). 
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Mixing time 
Mixing time, indicating optimum dough development time, was mainly 
influenced by environment, nitrogen, seeding rate, and genotype (Table 1). Significant 
effect of environment on mixing time was observed. Average mixing time were 5.2 min 
and 4.3 min at HV14 and HPAL14, respectively. Average mixing time were 4.4 min and 
4.1 min at HV15 and HPAL15, respectively (Table 2 
Nitrogen application at flag leaf decreased mixing time compared to untreated 
plot (Table 2). This may be related to significant negative correlation (r=-0.24***) 
between protein concentration and mixing time (Table 3).  
Increasing seeding rate from half to twice increased mixing time (Table 2). This 
may be due to decreased grain protein concentration at higher seeding rate (Table 2): a 
significant negative correlation (r=-0.24***) between protein concentration and mixing 
time (Table 3). This result was similar to previous research (Geleta et al., 2002; Xue et 
al., 2011), who found increased seeding rate increased mixing time mainly due to 
decreased protein concentration. However, Seleiman et al. (2010) found decreased 
mixing time due to increased seeding rate from 250 seeds m-2 to 400 seeds m-2.  
Significant environment x nitrogen x seeding rate interactions were found for 
mixing time (Table 1).  No nitrogen treatment with twice seeding rate had the highest 
mixing time at HV14 whereas nitrogen application with half seeding rate had the lowest 
mixing time (3.7 min) at HPAL15.  
Significant environment x nitrogen x genotype interactions were found for mixing 
time (Table 1) mainly due to different performance of genotypes across environments. 
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Freeman with no nitrogen treatment had the highest mixing (6.9 min) at HV14 whereas 
Overland with nitrogen had the lowest peak height (2.8 min) in HPAL15.  
Significant environment x seeding rate interaction was observed for mixing time 
(Table 1). Twice seeding rate had the highest mixing time (5.5 min) in HV14 whereas 
normal seeding rate had the lowest mixing time (3.9 min) in HPAL15. 
Significant environment x genotype interaction was found for mixing time (Table 
1) mainly due to change in rank of genotypes across the environments. Freeman had the 
highest mixing time in two of the environments i.e., HV14 and HPAL15. Overland had 
the lowest mixing time in all environment with a value ranging from 3.0 min to 3.5 min.  
 
Weakening slope 
Weakening slope, indicating dough weakening, was mainly affected by 
environment, nitrogen, and genotype. Weakening slope varied with environments ranging 
from 3.0 (HV15) to 5.5 (HPAL14) shown in Table 2.  
Application of nitrogen at flag leaf resulted in increased weakening slope (Table 
2). This may be due to increased grain protein concentration from top-dressed nitrogen 
application (Table 2): a significant positive correlation (r=0.13***) between protein 
concentration and weakening slope (Table 3).  
Increased seeding rate from half to twice seeding rate resulted in decreased 
weakening slope (Table 2). This may be due to decreased grain protein concentration at 
higher seeding rate (Table 2): a significant positive correlation (r=0.13***) between 
protein concentration and weakening slope (Table 3). This result was in agreement with 
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Seleiman et al. (2010), who found decreased dough weakness i.e. weakening slope with 
increased seeding rate from 250 seed m-2 to 400 seeds m-2.  
Significant environment x nitrogen x genotype interactions were found for 
weakening slope (Table 1) mainly due to different performance of genotypes across 
environments and nitrogen treatments. Overland with no nitrogen treatment had the 
highest weakening slope (10.9) at HPAL14 whereas Robidoux with top-dressed nitrogen) 
had the lowest weakening slope (0.7) at HV14.  
Significant environment x seeding rate interaction was observed for weakening 
slope (Table 1). All seeding rate had similar weakening slope in three environments 
except at HV14, where half seeding rate had the highest weakening slope (3.8) whereas 
twice seeding rate had the lowest weakening slope (2.7).  
Significant environment x genotype interaction was observed for weakening slope 
(Table 1) mainly due to change in rank of genotypes across the environments. Overland 
had the highest weakening slope in all environment. Robidoux had the lowest weakening 
slope in two environments (HV14 and HPAL15).  
 
 
Mixing tolerance 
Mixing tolerance, indicating dough tolerance to overmixing, was mainly 
influenced by nitrogen and genotype (Table 1). Mixing tolerance was significantly varied 
with change in environments. Average mixing tolerance were 5.1 and 4.6 at Havelock-
2014 and HPAL-2014, respectively. Average mixing tolerance were 4.4 and 4.3 at HV14 
and HPAL15, respectively. Lower value of mixing tolerance in 2015 might be due to 
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higher grain protein obtained in 2015, especially due to lower yield as explained in 
Chapter 1.  
An application of nitrogen at flag leaf resulted in decreased mixing tolerance 
(Table 2). This may be due to increased grain protein concentration from top-dressed 
nitrogen application (Table 2): a significant negative correlation (r= - 0.22***) between 
protein concentration and mixing tolerance (Table 3). 
Increased seeding rate resulted in increased mixing tolerance (Table2). This may 
be due to decreased grain protein concentration at higher seeding rate (Table 2): a 
significant negative correlation (r= -0.22***) between protein concentration and mixing 
tolerance (Table 3). This was contradictory to the result of Geleta et al. (2002) and  Xue 
et al. (2011), who found increased mixing tolerance with decreased seeding rate.  
Significant environment x nitrogen x genotype interactions were found for mixing 
tolerance (Table 1) mainly due to different performance of genotypes across 
environments and nitrogen treatments. Freeman with no nitrogen treatment had the 
highest mixing tolerance (5.9) at HV14 whereas Overland with nitrogen application had 
the lowest mixing tolerance (3.2) at HPAL15.  
 
Summary 
Genotype, environment, seeding rate, and nitrogen fertilization affected most of 
the quality traits under study. However, mixing time and tolerance, weakening slope, tail 
area, and peak height were largely influenced by genotype indicated that efforts should 
concentrate on improving the genotype for these quality parameters to obtain better end-
use quality despite the influence of environmental factors.  
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This study revealed that increasing seeding rates from normal to twice seeding 
rate at HPAL (371 seeds m-2) and Havelock (503 seeds m-2) and top-dressed nitrogen (34 
kg N ha-1) application at flag leaf improved the end-use quality traits of winter wheat 
cultivars. Even though increased seeding rate decreased grain protein concentration, the 
drop in protein concentration could be compensated by the application of nitrogen such 
that acceptable end-use quality.  
Although there were large variations among the genotypes tested for all end-use 
quality traits, all the genotypes under study met end-use quality criteria based on 
Baenziger et al. (2001b), where all mixing time were greater than 3 minutes, mixing 
tolerance greater than 3, and whole grain protein concentration greater than 12%. 
Genotypes differed significantly for grain protein and all genotypes produced more than 
13% grain protein except Freeman (12.62%).  
 Consistently better end-use quality of winter wheat over a wide range of 
environment is crucial to satisfy market and end-use standards of wheat milling and 
baking industry. Therefore, further research is needed to understand the broader range of 
top-dressed nitrogen rate and seeding rate under several environmental conditions of 
Nebraska to enhance the improvement of inconsistence end-use quality of winter wheat 
cultivars.  
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Tables 
Table1: Analysis of variance with F-values of selected end-use quality parameters from six genotypes grown at three seeding rates with two nitrogen treatments 
in four environments of Nebraska.  
Source of  df Grain  1000-seed   Test Flour  Water Tail Peak Mixing  Weakening Mixing 
variance   protein   weight  weight yield absorption  area height  time  slope  tolerance 
  
    %    g kg hl-1 g kg-1    % %TQ*min   % min 
 
0-7 
  
    
      Environment 
(ENV) 
3 
1.81 97.05*** 488.9*** 21.7*** 2.09 4.04* 5.64* 17.03*** 7.55** 7.12** 
 Error a 12 3.13 3.34 1.1 1.79 1.44 12.61 11.55 2.67 4.62 5.42 
Nitrogen (N) 1 15.45** 0 4.3 0.02 8.35* 17.12* 17.00** 20.66** 10.7** 17.00** 
ENV*N 3 1.69 3.66* 5.4* 7.43*** 0.68 0.52 0.74 1.1 1.15 0.8 
Error b 12 6.31 4.67 2.6 2.14 1.91 2.46 2.71 1.91 2.37 1.82 
Genotype (G) 5 24.7*** 32.62*** 62.7*** 11.52*** 5.7*** 32.65*** 30.27*** 138.39*** 131.28*** 117.41*** 
Seeding rate 
(SR) 
2 
27.5*** 23.11*** 34.5*** 10.66*** 4.57* 9.49*** 9.76*** 17.59*** 2.82 5.39** 
ENV*G 15 10.03*** 8.09*** 35.2*** 4.6*** 1.95* 4.55*** 4.3*** 21.72*** 11.96*** 8.25*** 
N*G 5 1.57 1.28 0.8 1.16 0.79 2.92* 2.3* 0.81 1.16 0.57 
ENV*SR 6 4.04** 3.93** 21.5*** 1.62 1.64 1.21 2.43* 3.96** 2.38* 0.79 
N*SR 2 4.56* 0.05 1.4 0.18 0.86 4.12* 4.12* 2.51 0.43 1.28 
G*SR 10 1.48 1.63 2.0 0.53 1.21 0.8 0.8 1.22 0.41 1.09 
ENV*N*G 15 1.06 1.2 1.1 0.72 0.93 1.71* 1.78* 1.94* 1.74* 1.79* 
ENV*N*SR 6 2.28* 4.56*** 2.3* 0.67 1.06 0.67 0.5 2.42* 0.77 1.59 
ENV*G*SR 30 0.53 1.4 1.6* 1.29 0.98 0.76 0.81 0.77 0.9 0.69 
N*G*SR 10 1.14 0.81 1.3 1.01 0.71 0.4 0.36 2.62 1.72 1.37 
ENV*N*G*SR 30 0.43 0.65 1.7* 1.3 1.07 0.41 0.5 1.22** 0.63 1.22 
Error c 408    _    _    _    _    _    _    _    _    _    _ 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
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Table 2. Mean of selected end-use quality parameters for each environment, genotype, seeding rate, and nitrogen of hard red winter 
wheat in Nebraska. 
Treatment Grain      1000-seed   Test Flour  Water  Tail Peak Mixing Weakening Mixing 
    protein weight 
 
weight 
yield  absorption  area  height  time  slope  tolerance 
 
% g kg hl-1 g kg-1   % %TQ*min   % min 
 
 0-7 
Genotype 
          
Freeman 12.6c 32.1bc† 74.0c 662.3bc 57.9b† 321.5d 45.1c 5.3a 2.6d 5.1a 
Millennium 13.3ab 32.3b 76.1a 673.7a 59.1a 348.9a 48.8a 3.9c 4.9b 4.2c 
Overland 13.2b 31.7c 75.4b 674.6a 58.2b 350.0a 49.2a 3.3d 6.9a 3.7d 
Pronghorn 13.3ab 32.1bc 75.0b 660.2c 59.2a 327.8c 46.6b 4.9b 3.0c 4.9b 
Robidoux 13.5a 31.0d 73.5d 662.1bc 59.3a 328.3c 45.7c 4.9b 2.5d 4.9b 
Settler CL 13.4a 33.7a 75.0b 667.0b 59.3a 340.2b 48.5a 4.9b 2.8cd 4.9b 
           Seeding rate ‡ 
 
        Half  13.5a 31.6c 74.4b 661.9b 59.3a 341.3a 48.1a 4.3c 4.0a 4.5b 
Normal 13.2b 32.1b 74.9a 667.9a 58.6b 334.5b 47.1b 4.5b 3.7ab 4.6ab 
Twice 13.0c 32.7a 75.0a 670.1a 58.6b 332.6b 46.8b 4.7a 3.6b 4.7a 
           Nitrogen rate 
 
         kg N ha-1 
          0 13.0b 32.1a 75.0a 666.8a 58.4b 330.6b 46.5b 4.7a 3.4b 4.7a 
33.63 13.5a 32.1a 74.7a 666.5a 59.3a 341.7a 48.2a 4.4b 4.1a 4.5b 
           Environment 
 
        Havelock-2014 12.9b 36.4a 79.5a 653.0b 58.7ab 320.4b 45.8b 5.2a 3.2b 5.1a 
HPAL-2014 13.2ab 36.6a 75.6b 656.8b 59.5a 363.5a 52.4a 4.3b 5.5a 4.6b 
Havelock-2015 13.6a 27.2b 74.3c 677.3a 58.9ab 326.0b 44.8b 4.4b 3.0b 4.4b 
HPAL-2015 13.2ab 28.7b 69.7d 679.5a 58.2b 334.7ab 46.4b 4.1b 3.4b 4.3b 
 
† Means followed by the same letter in a given column are not significantly different at p<0.05 according to Fisher’s LSD test. 
  
‡ Seeding rate Half: 93 seeds m-2 and 126 seeds m-2, Normal: 186 seeds m-2 and 252 seeds m-2, Twice: 371 seeds m-2 and 503 seeds m-2, respectively at HPAL 
and Havelock.
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Table 3. Pearson Correlation coefficients of five mixograph parameters with grain protein 
concentration averaged from three seeding rates, two nitrogen treatments, and six 
cultivars grown in four environments of Nebraska. 
 
End-use Tail Peak  Mixing Weakening  Mixing 
parameters area height time slope tolerance 
      Grain 
protein (%) 
0.37*** 0.37*** - 0.24*** 0.13*** - 0.22*** 
 
*** Significant at the 0.001 probability level. 
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CHAPTER 3 
Seed treatment and Foliar Fungicide Effects on yield and Agronomic 
Characteristics of Nebraska Winter Wheat Cultivars  
Abstract 
The majority of yield loss of hard red winter wheat in Nebraska is mainly due to a 
pressure from wide range of insects and diseases. The objective of this study was to 
determine the effects of seed treatment (3) and foliar fungicide (2) on grain yield and 
agronomic characteristics of Nebraska winter wheat cultivars (6). Experiments were 
carried out at two locations in a RCBD with split factorial arrangement in four replicates. 
Foliar fungicide (with or without foliar application of Prosaro at 455 mL ha-1 at flag leaf ) 
was applied to the main plots and factorial combinations of six genotypes and three seed 
treatments (EverGol Energy, Gaucho, both at 0.7 ml kg-1 grain) to the split plots. 
Freeman had the highest grain yield in three out of four environments due to foliar 
fungicide application at flag leaf. Seed treated with combination of EverGol Energy and 
Gaucho resulted in improved grain yield and agronomic characteristics such as leaf 
greenness, 1000-seed weight while no significant effect of combined seed treatment was 
observed for leaf area, grain protein concentration, and grain volume weight. Foliar 
fungicide improved grain yield, 1000-seed weight, leaf greenness, and leaf area whereas 
no significant effect was observed for grain protein concentration, and grain volume 
weight. Although foliar fungicide controlled foliar diseases and increased grain yield, one 
spray of foliar fungicide may not always results in substantial reduction of foliar diseases 
when disease severity is high at flowering stage.  
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Introduction 
Foliar fungal diseases common in hard red winter wheat produced in Nebraska are 
leaf rust (Puccinia triticina), tan spot (Pyrenophora tritici-repentis), septoria tritici blotch 
(Mycosphaerella graminicola), spot blotch (Cochliobolus sativus), and stem rust 
(Puccinia graminis f.sp. tritici), whereas stripe rust (Puccinia striiformis f.sp. tritici) are 
seen less frequently, and fusarium head blight (Fusarium graminearum) as sporadic 
(Wegulo et al., 2012). Each year diseases caused about 2% of the winter wheat yield loss; 
up to 20% yield loss in severely affected areas (Wegulo, 2010).  
Historically, application of fungicide has not been economical in the United States 
(Milus, 1994). Although economic returns are highly variable, (Wegulo et al., 2011b) 
found average economic returns of $6 ha-1 and $183 ha-1 in 2006 and 2007 respectively in 
Nebraska. Application of foliar fungicide significantly increased wheat yield (Kelley, 
2001; Ransom and McMullen, 2008; Wegulo et al., 2012; Wiersma and Motteberg, 2005) 
and such application of foliar fungicide is mostly profitable for susceptible cultivar 
(Ransom and McMullen, 2008; Wegulo et al., 2011b). Wegulo et al. (2009) reported that 
fungicide application prevented a yield loss up to 42% in winter wheat. Ransom and 
McMullen, (2008) found up to 44% increase in yield due to application of fungicides in 
North Dakota. However, the yield response of winter wheat to foliar fungicide is highly 
variable. Thompson et al. (2014) suggested that foliar fungicide should be reassessed 
each year since profitability depends on year specific yield potential, prices, and foliar 
diseases incidence. 
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Prosaro 421 SC (Bayer crop science), a broad-spectrum fungicide mainly 
containing prothioconazole and tebuconazole, provides protection against a wide range of 
diseases such as leaf rust, septoria leaf blotch, glume blotch, stem rust, and tan spot in 
wheat. Application of Prosaro significantly increased yield in winter wheat (Wegulo et 
al., 2011a). Haidukowski et al. (2012) reported application of Prosaro protected wheat 
against Fusarium head blight at the beginning of anthesis. Paul et al. (2010) found that 
application of triazole based fungicide such as prothioconazole plus tebuconazole 
resulted in an overall yield increase of 444.5kg ha-1 and increased grain volume weight of 
wheat. Lopez et al. (2015) reported application of tebuconazole fungicide resulted in a 
9.41% yield increase with a net return of $107.7/ha in Northeast Texas. However, 
Cromey et al.(2004) reported only 5.3% yield increase due to the application of 
tebuconazole fungicide while Schaafsma and Tamburic-Ilincic (2005) reported no 
significant increase in winter wheat yield.  
Insecticide seed treatments can prevent some commonly found insect pests such 
as wireworms, Hessian fly (Mayetiola destructor), and fall season aphids in Nebraska 
(Hein, 2007). Imidacloprid (Gaucho) is both contact and systemic insecticide and it acts 
against a wide range of economically important insect-pests (Pike et al., 1993) in 
Nebraska such as aphids, thrips, leafhoppers, leaf miners, and some beetles. Gourmet et 
al. (1996) found seed treatment with Imidacloprid decreased barley yellow dwarf virus 
infection in soft red winter wheat and increased yield up to 14%. Similarly, Royer et al. 
(2005) reported Imidacloprid seed treatment reduced bird cherry-oat aphids and barley 
yellow dwarf in winter wheat. Gray et al. (1996)  reported no significant effect of 
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Imidacloprid seed treatment on yield and grain volume weight despite a reduced barley 
yellow dwarf incidence in New York. 
Fungicide seed treatment helps to control seed-borne disease such as common 
bunt and loose smut, and soil-borne diseases such as  root and crown rots, seedling 
damping off, and blights (Wegulo, 2012). EverGol Energy (Bayer crop science) is a seed 
treatment containing the fungicides penflufen, prothioconazole, and metalaxyl and its 
treatment is expected to provide seed and seedling protection against a wide range of 
diseases such as Rhizoctonia solani, Fusarium spp., Pythium spp., cereal smuts, barley 
stripe, and common bunt. Hagan, (2014) reported seed treatment with EverGol Energy to 
significantly increase yield by 1480 kg ha-1 in oat.  
 Schaafsma and Tamburic-Ilincic (2005) reported increased plant emergence, 
winter survival, tillering, spikes m-2, and yield of winter wheat due to seed treatment.  
Pike et al. (1993) reported increased yield from seed treated with Imidacloprid alone or in 
combination with fungicide and yield increase was attributed to significant decrease in 
the damage of Russian wheat aphid. Ahmed et al. (2001) found 90% increase in yield due 
to the application of Imidacloprid (insecticide) plus tebuconazole (fungicide) in wheat. 
Similarly, DeVuyst et al. (2014)  found 144 kg ha-1 increased wheat grain yield from the 
use of insecticide Imidacloprid and fungicide metalaxyl plus tebuconazole seed treatment 
in Oklahoma. 
Variability in wheat yield in response to fungicide application is largely due to 
cultivar’s disease resistance, growing seasons, environmental conditions, and the 
variation in incidence and severity of a specific foliar diseases. This study was performed 
to determine the effect of foliar fungicide at flag leaf and seed treatment on yield and 
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agronomic characteristics of winter wheat cultivars grown under two contrasting 
environments of Nebraska.  
 
 
Materials and Methods  
 
 
The materials and methods for field management, site description, and data 
collected were described in chapter 1 and 2; only methods specific to this chapter are 
described. 
Experiments were conducted in a randomized complete block design (RCBD) 
with split factorial arrangements replicated four times. Two foliar fungicide treatments 
(untreated control (F0) and foliar fungicide (F1) at flag leaf stage or Feekes 9) were the 
main plots, and factorial combinations of six genotypes and three seed treatments were 
the split plots. The six genotypes of hard red winter wheat were Freeman (Reg. no. CV-
1098, PI 667038, Baenziger et al., 2014), Millennium (Reg. no. CV-908, PI 613099, 
Baenziger et al., 2001), Overland (Reg. no. CV-1020, PI 647959, Baenziger et al., 2008), 
Pronghorn (Reg. no. CV-848, PI 593047, Baenziger et al., 1997), Robidoux (Reg. no. 
CV-1064, PI 659690, Baenziger et al., 2010), and Settler CL (Reg. no. CV-1051, PI 
653833, Baenziger et al. 2011).  
The three chemical seed treatments were EverGol Energy (Fungicide), Gaucho 
(Insecticide), and combinations of EverGol Energy (i.e., Evergol) and Gaucho. Gaucho is 
also a seed treatment containing both contact and systemic insecticide Imidacloprid and it 
acts against a wide range of economically important insect-pests (Pike et al., 1993). 
Evergol and Gaucho were applied at 0.7 ml kg-1 (1 fl oz lbs-1) of grain sample. Seed 
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treatment was applied in bulk to each variety with a seed coating of pro-ized red seed 
colorant at 0.7 ml kg-1.  
Foliar fungicide Prosaro 421 SC (Bayer Crop Science), is mainly a mixture of 
prothioconazole (210 g L-1) and tebuconazole (210 g L-1), was applied at rate of 6.5 fl oz 
acre-1 (455 mL ha-1) with the addition of non-ionic surfactant at 0.125% v/v at flag leaf 
stage, Feekes 9. CO2-pressurized backpack sprayer (38 psi or 262 kPa) with four nozzles 
(Teejet #8001VS) spaced 1 ft. (0.3 m) apart on a 1.2 m wide boom was used with a 
targeted spray volume of 20 gal acre-1 (224 L ha-1) of fungicide mixture.  
Each plot was evaluated for visual estimation of foliar disease severity before 
fungicide application and at weekly intervals. Disease severity was assessed from the top 
two leaves in each plot, diseased lead area was recorded as percentage 0-100% scales as 
described by Wegulo et al. (2009). Weekly disease severity notes were taken only at 
Havelock site in both years whereas a disease severity note at soft dough stage was taken 
at HPAL in 2014. Experimental plots were scouted visually for aphid damage such as 
leaf chlorosis, plant stunting, and leaf rolling.  But, no aphid populations were seen to 
damage plants in both years.  
 
Data Analysis 
Data were analyzed using PROC MIXED in SAS 9.4 (SAS Institute, 2013) to 
detect significant differences among interaction and main effects. Combined analysis of 
variance were calculated by using Method=type3 statement in PROC MIXED 
considering four environments (2 sites by 2 years). This was done to test the effects of 
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genotype, environment, seeding rate, nitrogen and their interaction. Havelock-2014 and 
HPAL-2014 were environments HV14 and HPAL14, respectively, whereas Havelock-
2015 and HPAL-2015 were environments HV15 and HPAL15, respectively. Seed 
treatment, foliar fungicide, genotype, environment, and their interactions were considered 
fixed effects whereas replications nested with in environment were considered random 
effect. Individual analysis of variance was also done in each environment to test seed 
treatment, genotype, and foliar fungicide effects and their interaction. LSMEAN 
statement was used for calculating treatment means and mean separation was done using 
Fisher’s protected LSD test at 5% level of significance using the simulation option 
available in the LINES statement of PROC GLIMMIX. Correlation analyses were used to 
determine the relationship between disease severity and grain yield using PROC CORR. 
 
 
Results and Discussion 
Weather conditions 
Growing condition in 2014 was favorable for wheat production, with moderate 
rainfall and low disease, resulting in high grain yield at Havelock and HPAL. The 
growing condition in 2015 was characterized by high rainfall from April through June 
(Fig. 1) and high disease severity, resulting in an exceptionally low grain yield. High 
amount of rainfall during April-June in 2015, created conducive environment for disease 
development. The dominant foliar diseases impacting grain yield were found to be 
septoria tritici blotch and tan spot in 2014 in both sites whereas stripe rust/yellow rust 
were found to be predominant in both areas followed by Fusarium head blight (head 
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scab) in 2015 at Havelock. Diseases were more severe at Havelock than at HPAL in both 
years. In year 2014, disease severity was less compared to 2015 and this might be due to 
drier weather compared to 2015 (Fig. 1). 
 
Grain yield 
Grain yield was mainly affected by environment, foliar fungicide, seed treatment, 
and genotype (Table 1). Average grain yields from HV14 and HPAL14 were 4.97 Mg ha-
1 and 5.03 Mg ha-1, respectively. Average grain yields were 3.30 (Mg ha-1) and 2.18 (Mg 
ha-1) at HV15 and HPAL15, respectively. Low grain yield in 2015 was obtained mainly 
due to high disease pressure.  
Significant environment x seed treatment interaction for grain yield (Table 1) was 
mainly due to decreased grain yield in 2015 at both sites compared to 2014 (Fig. 2).In 
three environments except at HPAL15, seed treated with combination of Evergol and 
Gaucho resulted in higher grain yield when compared to either Evergol or Gaucho alone 
(Fig. 2). HV4 with combined seed treatment had the highest grain yield (5.27 Mg ha-1) 
whereas seed treated with Gaucho at HPAL15 had the lowest grain yield (2.14 Mg ha-1) 
(Fig. 2). This result corroborates with the result of DeVuyst et al. (2014), who found 
increased yield due to combination of fungicide (metalaxyl plus tebuconazole) and 
insecticide (Imidacloprid) seed treatment. Even though many studies have shown 
increase in grain yield due to seed treatment compared to untreated control (Leath and 
Bowen, 1989; Ahmed et al., 2001; Schaafsma and Tamburic-Ilincic, 2005), May et al. 
(2010) found no significant effect of seed treatment on grain yield.  
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Significant environment x foliar fungicide x genotype interactions were observed 
for grain yield (Table 1). This result suggested that the effect of foliar fungicide was 
different for cultivar at each environment (site and year) (Fig. 4). Freeman with foliar 
fungicide treatment had the highest yield in three environments (Fig. 4) whereas Settler 
CL with foliar fungicide treatment had the highest yield at HPAL15  (Fig. 4). At HV14 
and HV15, Freeman produced the highest yield from foliar fungicide application at flag 
leaf. Pronghorn without foliar fungicide treatment produced the lowest yield at HV14 and 
Robidoux without foliar fungicide treatment produced the lowest yield at HV15. 
Pronghorn without foliar fungicide application at flag leaf produced the lowest yield at 
HPAL14 and HPAL15. This result suggested that application of foliar fungicide at flag 
leaf significantly resulted in increased yield in all environments (sites-years) (Table 2). 
For instance, Application of foliar fungicide at flag leaf increased grain yield by 13.5 % 
at HV14 and 9.9% at HPAL14 whereas grain yield was increased by 27.3% at HV15 and 
28.8% at HPAL15 due to foliar fungicide application (Table 2). This was due to the 
protection of flag leaf from foliar diseases resulting in a higher photosynthetic area for 
higher assimilates compared to untreated control. This result also suggested that the foliar 
fungicide could have more potential on increasing grain yield when disease severity was 
high as seen in the year 2015. This imply that the efficacy of the foliar fungicide on 
improving grain yield largely depend on weather conditions and diseases severity. The 
significant increase in grain yield from foliar fungicide treatment was supported by 
previous research (Kelley, 2001; Wiersma and Motteberg, 2005; Ransom and McMullen, 
2008; Wegulo et al., 2011b, 2012; Lopez et al., 2015).  
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Effect of foliar fungicide on controlling disease severity 
Foliar fungicide application on controlling disease was significantly different 
from untreated control treatment except at HPAL14 (Table 4). Except at HPAL15, 
disease severity notes at soft dough stage (Feekes 11.2) was used to determine the effect 
of fungicide on grain yield. In 2014, disease pressure was low in the field compared to 
year 2015. Average disease severity in untreated control plot at Havelock was 38% and 
70% in 2014 and 2015, respectively (Table 8). At HV15, disease intensity was found to 
be controlled by 78% due to foliar fungicide application while at HV14 when disease 
pressure was low; disease intensity was controlled by 35% compared to untreated control 
treatment (Table 4). Similar results were obtained by Ransom and McMullen (2008) and 
Wegulo et al. (2012), who found significant effect of foliar fungicide on controlling foliar 
disease severity. Although disease severity increases as the crop season advances, the 
disease progress curve was significantly lower for foliar fungicide treated plots than 
untreated control (Fig. 3). Decrease in disease severity curve in foliar fungicide treatment 
showed the efficacy of fungicide on controlling diseases growth (Fig. 3).  
 
Relationship of disease severity and grain yield 
Grain yield was negatively correlated (p ≤ 0.0001) with disease severity (Table 5), 
implying that lower disease severity resulted in higher grain yield. This result was similar 
to result of Wegulo et al. (2012), who found significant linear inverse relationship 
between grain yield and disease severity. Coefficient of determination (r2) values of 
disease severity on grain yield were 0.12 and 0.58 in 2014 and 2015, respectively, at 
Havelock and the value for HPAL was 0.14 in 2014 (Table 9). In 2015, when disease 
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severity was high, 58% (r2=0.58) of the variation on grain yield was explained by 
diseases severity. An application of folair fungicide could result in increased grain yield 
when envrionment is favourable for diseases development, as suggested by Wegulo et al. 
(2012). 
 
Agronomic characteristics 
Leaf Greenness (SPAD value at hard dough stage or Feekes 11.3) 
Leaf greenness expressed as SPAD value at hard dough stage was affected by 
environment, seed treatment, foliar fungicide, and genotype (Table 1). SPAD value was 
higher in 2014 compared to 2015, mainly due to lower disease severity in 2014 (Table 3). 
Combined seed treatment with Evergol and Gaucho increased leaf greenness (Table 3). 
Increased SPAD value could be due to the combined effects of fungicide and insecticide 
in preventing insect-pest and diseases.  
Severe to moderate stripe rust was observed at flag leaf stage  on plots not treated 
with fungicide in 2015 at both test locations and moderate to low tan spot and septoria 
blotch was observed on untreated plots in 2014 at both test locations. Higher value of 
SPAD was observed at HPAL due to less severity of diseases compared to Havelock for 
both growing seasons. In general foliar fungicide at flag stage resulted in increased SPAD 
values at hard dough stage, although significant increase was observed only in 2015. 
Significant increase in SPAD value due to foliar fungicide in 2015 could be attributed to 
the control of foliar diseases by the fungicide application. This was pronounced by the 
high disease pressure observed during the season.  
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Significant environment x seed treatment x genotype interactions were observed 
for SPAD value at hard dough stage (Table 1). This result suggested that performance of 
genotype for leaf greenness varied with environment based on the type of seed treatment 
used. For instance, Robidoux when treated with Evergol plus Gaucho had the highest leaf 
greenness (44.8) at HV14, Robidoux when treated with Evergol plus Gaucho had the 
highest leaf greenness (48.8) at HPAL14, Millennium when treated with Evergol had the 
highest leaf greenness at HV15, and Settler CL when treated with Evergol had the highest 
leaf greenness at HPAL15. However, these interactions accounted for less variations than 
environment x foliar fungicide x seed treatment interactions had on SPAD value at hard 
dough stage (Table 1). 
Significant environment x foliar fungicide x seed treatment interactions were 
observed for SPAD value at hard dough stage (Table 1). As expected, seed treatment with 
Evergol plus Gaucho and foliar fungicide combination resulted in increased SPAD value 
at hard dough stage in all environments (Fig. 5). This result could be attributed to the 
protection of seed borne insect, soil borne insect, and diseases as well as protection of the 
leaf from foliar fungal diseases, maintaining a higher leaf greenness. Combined seed 
treatment of Evergol and Gaucho along with foliar fungicide application at flag leaf stage 
at HPAL14 had the highest SPAD value (47.6) (Fig. 5).  
 
Leaf Area Index at hard dough stage  
Leaf area at hard dough stage was mainly affected by environment and foliar 
fungicide (Table 1). No significant effect of seed treatment on leaf area index (LAI) was 
observed in all environments (Table 1).This result suggested that seed treatment did not 
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affect canopy characteristics of the plants since effect of seed treatment on wheat does 
not last for long. 
Application of foliar fungicide at flag leaf stage resulted in increased LAI, 
although non-significant increase in LAI was observed at HPAL-2015 (Fig. 6). This 
results clearly stated that broader canopy (higher LAI value) observed in fungicide 
treated plots due to control of diseases compared to untreated control treatment.  
Significant environment x foliar fungicide interaction was observed for LAI 
(Table 1) mainly due to the change in magnitude among environments (Fig. 6). This 
implies that foliar fungicide at flag leaf stage had higher LAI (broader canopy) compared 
to untreated control in all environments (Fig. 6). 
 
Grain Protein Concentration 
Grain protein concentration was mainly influenced by environment and genotype 
(Table 1). Seed treatment had shown no significant effect on grain protein concentration 
(Table 1). This result was similar with Nass et al. (1975), who found similar response of 
seed treatment on grain protein concentration. However, grain protein yield (grain protein 
concentration * grain yield) increased with seed treated with combination of Evergol and 
Gaucho (Table 2).  
 Foliar fungicide at flag leaf stage did not affected grain protein concentration 
(Table 1). This result was supported by previous research (Kelley, 2001; Schaafsma and 
Tamburic-Ilincic, 2005; Blandino et al., 2009), who reported no significant improvement 
in grain protein due to application of foliar fungicide.  
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Significant environment x genotype interaction was observed for grain protein 
concentration (Table 1) mainly due to change in rank of genotypes for grain protein 
concentration at different environments. This implying that grain protein concentration of 
genotype varied with change in environments. Robidoux at HV15 and HPAL15, 
Millennium at HV14, and Pronghorn at HPAL14 had the highest grain protein 
concentration (Fig. 7).  
 
1000-seed weight 
 1000-seed weight was mainly influenced by environment, foliar fungicide, and 
genotype (Table 1). 1000-seed weight was found to be similar between locations, but 
varied greatly with years (Table 2). Large variation on 1000-seed weight was due to 
higher disease severity in 2015 compared to 2014 and this resulted in lower 1000-seed 
weight in 2015 at both sites.  
Seed treatments had shown no significant effect on 1000-seed weight (Table 1). 
This implying that all seed treatment responded similarly to the 1000-seed weight of 
winter wheat cultivars of Nebraska. This result was in contrast with Nass et al. (1975)  
and Ahmed et al. (2001), who found significant increase in 1000-seed weight with seed 
treatment compared to untreated control. Seed treated with the combination of Evergol 
and Gaucho resulted in higher 1000-seed weight, although no significant increase in 
1000-seed weight was observed (Table 2).  
Significant environment x foliar fungicide interaction was observed for 1000-seed 
weight (Table 1). Foliar fungicide resulted in increased 1000-seed weight in all 
environment. Similar results were observed by Puppala et al. (1998) and Kelley (2001), 
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who reported that fungicide treatment resulted in significant increase in 1000-seed 
weight. Application of foliar fungicide at flag leaf at HV14 resulted in highest 1000-seed 
weight (36 g) whereas 1000-seed weight was lowest at HV15 when no fungicide was 
applied (27 g) (Fig. 8). HV15 had the most disease severity in 2015, could have resulted 
in the lowest 1000-seed weight without foliar fungicide application. The larger 1000-seed 
weight at HV14 with foliar fungicide treatment could be attributed to the control of foliar 
diseases by foliar fungicide as well as low disease severity when compared to 2015.  
Significant environment x genotype interaction for 1000-seed weight was 
observed (Table 1) mainly due to change in rank of genotypes as well as change in 
magnitude. Among all genotypes, Settler CL had highest 1000-seed weight in three 
environment except at HV15, where freeman had the highest 1000-seed weight (Table 2).  
 
Grain volume weight 
Grain volume weight was mainly affected by environment, foliar fungicide, and 
genotype (Table 1). Among four environments, grain volume weight ranged from 76 to 
79 kg hl-1. 
No significant effect of seed treatment on grain volume weight was observed 
(Table 1). This result was similar to the result of past research (Nass et al., 1975; May et 
al., 2010; DeVuyst et al., 2014), who found non-significant effect of seed treatment on 
grain volume weight.  
Significant environment x foliar fungicide interaction was observed for grain 
volume weight (Table 1). Average grain volume weight was significantly improved by 
fungicide treatment in two of the four environments (HV15 and HPAL15) (Table 2), 
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when disease pressure was high. Lower grain volume weight was observed at HV15 
compared to HV14 mainly due to presence of fusarium head blight diseases in 2015. 
Higher grain volume weight was harvested for fungicide treated plots as compared to the 
untreated plots. This could be due to the control of foliar diseases such as stripe rust and 
fusarium head blight diseases on the treated plot which subsequently resulted in healthy 
heavier grain. This result was in line with reports from previous research (Milus, 1994; 
Puppala et al., 1998; Ransom and McMullen, 2008), who found  significant improvement 
in grain volume weight due to the application of foliar fungicide. 
Significant environment x foliar fungicide x genotype interactions for grain 
volume weight (Table 1) showed that the response of genotype varied with application of 
foliar fungicide among environments. For instance, Millennium with foliar fungicide at 
HV15, Millennium with no foliar fungicide at HV14, and Overland with foliar fungicide 
at HPAL14, and HPAL15 had highest grain volume weight (Fig. 9). This result suggested 
that grain volume weight could be improved by foliar fungicide when disease severity is 
high.  
 
 
Summary 
Grain yield and agronomic characteristics were positively impacted by seed 
treatment and foliar fungicide application for the varieties tested. Environment played a 
major role and the impact varied largely among sites and years. Grain yield of genotype 
varied markedly between years mainly because of large variation in weather conditions 
that influenced the effect of seed treatment and foliar fungicide. In three environments, 
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Freeman with foliar fungicide application at flag leaf yielded the highest grain yield 
whereas Settler CL yielded the highest at HPAL15. 
Seed treated with combination of Evergol plus Gaucho resulted in higher grain 
yield and improved agronomic characteristics such as leaf greenness (SPAD value) and 
1000-seed weight compared to seeds treated with either Evergol/Gaucho. 
Foliar fungicide at flag stage produced higher grain yield than untreated control, 
irrespective of genotypes and environments (sites and years). The efficacy of the foliar 
fungicide was influenced by the prevailing weather condition and associated disease 
severity. Foliar fungicide application at flag leaf stage improved agronomic 
characteristics such as 1000-seed weight, leaf greenness (SPAD value), and plant canopy 
(LAI) whereas no significant effect was observed on grain protein, and grain volume 
weight 
Although foliar fungicide controlled foliar diseases and resulted in increased grain 
yield, one spray of foliar fungicide at flag leaf stage may not always results in substantial 
reduction of foliar diseases. When disease severity is high at flowering stage such as year 
2015, another application of foliar fungicide could have a better disease control and better 
grain yield than what we observed in year 2015.Also, it was not possible to know if 
earlier application could have made a difference.  Nevertheless, based on this research, 
seed treated with Evergol plus Gaucho and one spray of foliar fungicide with Prosaro at 
flag leaf stage significantly improved grain yield and some key agronomic characteristics 
of wheat cultivars. However, the magnitude of increased yield due to foliar fungicide 
varies with genotype, location, and year. Further research on timing, frequency, and rate 
of fungicide application could be an area of investigation in the future. 
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Figures 
 
 
 
 
Fig. 1. Monthly mean temperature and total monthly precipitation in two growing seasons 
(2014 and 2015) at Havelock (a) and HPAL (b). Note: Line graph showing temperature 
and bar graph showing precipitation. 
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Fig. 2. Effect of environment and seed treatments on grain yield averaged over six 
genotypes and two foliar fungicide treatments in Nebraska.  
Means followed by the different letter in a given column are significantly different at 
p<0.05 according to Fisher’s LSD test. 
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Fig. 3. Disease progress curves in two foliar fungicide treatments applied at flag leaf stage in two growing seasons (a=2014 and 
b=2015) at Havelock in Nebraska.  
F0: untreated control, F1: foliar fungicide treated with Prosaro containing prothioconazole and tebuconazole at 455 mL ha-1.  
Day of year:133 (May 13), 137 (May 17),140 (May 20), 147 (May 27), 154 (June 3), 161 (June 10), 168 (June 17), and 175 (June 24).
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Fig. 4. Effect of environment, foliar fungicide, and genotype on grain yield averaged over 
three seed treatments in Nebraska.  
F0: untreated control, F1: foliar fungicide treated with Prosaro containing 
prothioconazole and tebuconazole at 455 mL ha-1. 
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Fig. 5. Effect of environment and seed treatment averaged over six genotypes and two 
foliar fungicides in Nebraska.  
F0: untreated control, F1: foliar fungicide treated with Prosaro containing 
prothioconazole and tebuconazole at 455 mL ha-1. 
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Fig. 6. Effect of environment and foliar fungicide at flag leaf on leaf area index averaged 
over six genotypes and three seed treatments in Nebraska.  
Means followed by the different letter in a given column are significantly different at 
p<0.05 according to Fisher’s LSD test. 
F0: untreated control, F1: foliar fungicide treated with Prosaro containing 
prothioconazole and tebuconazole at 455 mL ha-1. 
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Fig. 7. Effect of environment and genotype on grain protein concentration averaged over 
two foliar fungicide and three seed treatments in Nebraska. 
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Fig. 8. Effect of environment and foliar fungicide on 1000-seed weight averaged over six 
genotypes and three seed treatments in Nebraska.  
Means followed by the different letter in a given column are significantly different at 
p<0.05 according to Fisher’s LSD test.  
F0: untreated control, F1: foliar fungicide treated with Prosaro containing 
prothioconazole and tebuconazole at 455 mL ha-1. 
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Fig. 9. Effect of environment, foliar fungicide, and genotype on grain volume weight in 
Nebraska.  
F0: untreated control, F1: foliar fungicide treated with Prosaro containing 
prothioconazole and tebuconazole at 455 mL ha-1.
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Tables 
 
Table 1. Analysis of variance with mean squares for yield and agronomic characteristics of six genotypes grown at three seed 
treatments with two foliar fungicide applications in four environments of  Nebraska. 
 
Source of df Grain  SPAD LAI Grain  Seed Test  
variance 
 
yield Hard dough Hard dough protein weight weight 
   Mg ha-1 value m2 m-2 % g kg hl-1 
        
Environment (ENV) 3 277.65*** 14905*** 44.96*** 106.49*** 1309.28*** 418.0*** 
Rep(ENV)= Error a 12 0.73 52.79 1.47 5.12 6.05 7.0 
Foliar Fungicide (FF) 1 53.51*** 1614.03*** 51.09*** 0.74 599.35*** 150.0*** 
ENV*FF 3 0.65 618.43*** 5.89* 0.49 109.82*** 55.6*** 
Error b 12 0.75 20.48 1.90 4.05 5.21 3.6 
Seed treatment (ST) 2 2.01*** 50.27* 0.45 0.58 5.99 1.7 
ENV*ST 6 0.8*** 92.03*** 1.12 0.33 2.09 0.9 
FF*ST 2 0.05 17.60 0.08 0.53 7.37 1.2 
ENV*FF*ST 6 0.08 51.62*** 0.22 0.55 2.88 1.5 
Genotype (G) 5 4.24*** 53.18*** 0.66 5.14*** 119.35*** 184.3*** 
ENV*G 15 1.16*** 55.46*** 0.32 3.38*** 21.08*** 55.3*** 
FF*G 5 0.08 25.04* 0.58 0.39 3.23 4.8** 
ENV*FF*G 15 0.3*** 16.61 0.49 0.51 3.53 2.9*** 
ST*G 10 0.06 26.94** 0.33 0.43 0.71 1.3 
ENV*ST*G 30 0.07 23.21*** 0.16 0.54 1.35 0.5 
FF*ST*G 10 0.09 10.84 0.62 0.40 4.16 1.8 
ENV*FF*ST*G 30 0.06 14.50 0.30 0.39 2.67 1.0 
Error c 408 0.11 10.82 0.39 0.42 2.74 1.1 
 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level.
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Table 2. Mean grain yield, 1000-seed weight, and grain volume weight for each genotype, seed treatment, and foliar fungicide in two 
growing seasons (2014 and 2015) at Havelock and HPAL, Nebraska.  
 
Treatment 
Grain yield 1000-seed weight Grain volume weight 
Havelock HPAL Havelock HPAL Havelock HPAL 
2014 2015 2014 2015 2014 2015 2014 2015 2014 2015 2014 2015 
 
___________Mg ha-1______________    ________________g________________ _______________kg hl-1_______________ 
Genotype 
            
Freeman 5.18a 3.81a 5.36a 2.12cd 34.25d† 30.54a 35.19b 32.94c 76.48c 76.95c 76.48c 75.71a 
Millennium 4.72b 3.45b 4.92c 2.09cd 35.88bc 29.79a 35.03b 31.88d 80.44a 81.35a 80.44a 75.67a 
Overland 5.17a 3.37b 5.17b 2.27ab 35.18c 29.84a 35.02b 32.82c 80.09a 80.70b 80.09a 75.97a 
Pronghorn 4.54b 3.09c 4.45d 2.04d 36.54b 28.22b 36.66a 33.87b 80.21a 77.27c 80.21a 75.89a 
Robidoux 5.06a 2.74d 5.08bc 2.20bc 33.87d 27.01b 34.76b 32.48cd 78.34b 72.73d 78.34b 75.45a 
Settler CL 5.18a 3.21c 5.20ba 2.35a 38.54a 30.31a 37.16a 35.65a 80.17a 77.18c 80.17a 75.51a 
   
 
   
 
   
 
 Seed treatment 
 
 
 
 
 
 
 
 
 
 
 
 Evergol+Gaucho 5.27a 3.31a 5.19a 2.17a 35.90a 29.45a 35.97a 33.40a 79.29a 77.53a 79.28a 75.49a 
Evergol 4.77b 3.22a 4.98b 2.22a 35.79a 28.92a 35.51a 33.23a 79.16a 77.78a 79.16a 75.88a 
Gaucho 4.89b 3.30a 4.93b 2.14a 35.44a 29.48a 35.43a 33.20a 79.42a 77.78a 79.42a 75.73a 
   
 
   
 
   
 
 Foliar Fungicide‡ 
 
 
 
 
 
 
 
 
 
 
 
 F0 4.66b 2.88b 4.79b 1.90b 35.26a 27.08b 35.36a 32.13b 79.27a 76.38b 79.27a 75.02b 
F1 5.29a 3.67a 5.27a 2.45a 36.16a 31.49a 35.92a 34.41a 79.31a 79.02a 79.31a 76.37a 
 
† Means followed by the same letter in a given column are not significantly different at p<0.05 according to Fisher’s LSD test. 
‡ F0; no fungicide treatment and F1; foliar fungicide treatment with prothioconazole plus tebuconazole (Prosaro 421 SC). 
 
 
 
 
95 
Table 3. Mean SPAD values for each genotype, seed treatment, and foliar fungicide in 
two growing seasons (2014 and 2015) at Havelock and HPAL, Nebraska.  
 
Treatment SPAD values at hard dough stage 
 
Havelock HPAL 
  2014 2015 2014 2015 
     
Genotype 
    
Freeman 37.63c 25.09ab  46.63abc 28.3bc 
Millennium 39.68ab 26.45a 46.02bc 26.95c 
Overland 38.86bc 25.68ab 45.15c 26.57c 
Pronghorn 37.86c 23.49bc 46.23bc 27.11c 
Robidoux 40.99a 21.79c 47.52ab 29.68ab 
Settler CL 40.18ab 23.6bc        48.19a 31.18a 
     Seed treatment 
 
 
 
 Evergol+Gaucho 42.04a 23.79b 46.69a 28.32a 
Evergol 37.85b 24.06b 46.55a 28.73a 
Gaucho 37.71b 25.20a 46.64a 27.85a 
     Foliar Fungicide‡ 
 
 
 
 F0 39.03a 19.64b 46.05 27.05b 
F1 39.37a 29.06a 47.2 29.54a 
 
 
† Means followed by the same letter in a given column are not significantly different at 
p<0.05 according to Fisher’s LSD test. 
‡ F0; no fungicide treatment and F1; foliar fungicide treatment with prothioconazole plus 
tebuconazole (Prosaro 421 SC).   
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Table 4. Effect of foliar fungicide on disease severity at Havelock and HPAL, Nebraska. 
 
Foliar  Location 
fungicide Havelock HPAL 
  2014 2015 2014 
 
_Disease severity (%)_ 
    
F0 38a† 70a 15a 
F1 25b 15b 13a 
 
† Means followed by the same letter in a given column are not significantly different at 
p<0.05 according to Fisher’s LSD test. 
‡ F0; no fungicide treatment and F1; foliar fungicide treatment with prothioconazole plus 
tebuconazole (Prosaro 421 SC). 
 
 
 
 
Table 5. Pearson correlation showing relationship between foliar fungicide and disease 
severity at Havelock and HPAL, Nebraska. 
 
Pearson  Location 
correlation Havelock HPAL 
(r)  2014 2015 2014 
 
__Grain yield (Mg ha-1)__ 
    
Disease severity (%)  - 0.35*** - 0.76*** - 0.38*** 
 
*** Significant at the 0.001 probability level
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